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PREFACE, 


THe present treatise contains all the propositions which 
are usually included in elementary treatises on the Theory 
of Equations, together with # collection of examples for 
exercise, Z 

As the Theory of Equations involves a large number of 
interesting and important results, which can be demonstrated 
with simplicity and clearness, the subject may advantage- 
ously engage the attention of a student at an early period 
of his mathematical course, The present treative may be 
read by those who are familiar with Algebra, since no 
higher knowledge is assumed, except in Arts. 149, 175, 268, 
308,..314, and Chapter xxx, which may be postponed by 
those who are not acquainted with De Moivre’s Theorem in 
Trigonometry. This work may be regarded asa sequel to that 
on Algebra by the present writer, and accordingly the student 
has occasionally been referred to the treatise on Algebra for 
preliminary information on some topics here discussed. 

In composing the prevent work, the author has obtained 
assistance from the treatises on Algebra by Bourdon, Lefe- 
bure de Fourcy, and Mayer and Choquet; on special points 
he has consulted other writers, who are named in their ap- 
propriate places in the course of the work. 

The examples have been selected from the College and 
University examination papers, and the results have been 
given where it appeared necessary; in most cases however, 
from the nature of the example, the student will be able 
jmamediately to test the correctness of his result, 
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vi PREFACE. 


In order to exhibit a comprehensive view of the sub- 
ject, the present treatise includes Investigations which are 
not to be found in all the preceding elementary treatises, 
and also some investigations which are not te be found in 
any of them. Among these may be mentioned Cauchy's 
proof that every equation has a reet, Horner's methed, the 
theories of elimination and expansion, Cauchy's theorem on 
the number of imaginary roots, the researches af Professor 
Sylvester respecting Newton's Rule, and the theory of 
determinants. The account of determinants has been prinei- 
pally taken from a treatise on that subject by Baltzer, whieh 
was published at Leipsic in 1857; this is an excellent work, 
distinguished for the completeness of its proofs of the funda- 
mental theorems, and for the numerous applications of those 
theorems which it affords, 

For the parts of the Theory of Equations which are 
beyond an elementary treatise, the advanced student may 
consult Serret’s Cours @Algddre Supériewre: there, for 
example, will be found a demonstration of the theorem, 
that the general algebraical solution of an equation of a 
degree above the fourth is impossible. The article Aguation, 
by Professor Cayley, in the ninth edition of the Eneyclope- 
dia Britannica should also be noticed. Valuable historical 
information, relating to the higher parts of the subject, will 
be found in papers on Approvimation and Numerical So- 
lution, by Mr James Cockle, in the Lady's and Gentleman's 
Diary for the years 1854 and 1855, and also in papers on 
Equations of the Fijth Degree by the same author in the 
same work, for the years 1848, 1851, 1856, 1857, 1858, and 
1860. 

I. TODHUNTER. 


Sr Joun’s Conzrcr, 
March, 1880. 
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THEORY OF EQUATIONS. 


I. INTRODUCTION. 


1. Tue reader can easily obtain a general idea of the object 
of the following treatise by a reference to the theory of quad- 
ratic equations which he is supposed to have already studied. 
The equation ax’ + ba + c=0 has two roots, namely, 


—b,/6?—4ac. 
2a i 
and with respect to these roots, we know that their sum is — a 


and their product is < ; that is, their sum is equal to the coeffi- 


: P b ails 
cient of the second term of the equation «* + att : = 0, with its 


sign changed, and their product is equal to the last term of this 
equation. (See Algebra, Chap. xx11.) Now it may be said that 
the general object of the following pages is to establish results 
with respect to equations of a higher degree than the second, 
similar to those which have been established in Algebra respect- 
ing equations of the second degree. The results obtained will be 
useful in other branches of mathematics, and the methods of 
investigation will afford valuable exercise to the student, since 
they are not too difficult for a person who has gained a knowledge 
of Algebra, and at the same time have sufficient variety to oc- 


cupy his attention. 

2, The words equation and root are already familiar to the 
student from their use in Algebra; but for distinctness we will 
give a definition of them. 

T. E, 
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Any Algebraical expression which contains x may be called 
a function of x, and may be denoted by f(a). Any quantity 
which substituted for « in f(a) makes f(«) vanish, is called a 
root of the equation / (x) = 0. 


An expression of the form 


as” + ba" + cx"? +... tha +l, 

where 7” is a positive integer, and the coefficients a, b,c... k, J, 
do not involve a, is called a rational integral function of x of 
the n™ degree ; and if we wish to find what value of « makes 
this function vanish we have to find a root of a rational integral 
equation of the n™ degree; this is the kind of equation which 
we shall consider in the present treatise. In such an equation 
we may if we please divide by the coefficient of the highest 
power of a, so as to leave that power with only unity for its 
coefficient ; the equation then takes the form 


a" + po" + py + 2. + P,_oh + Py t + Py = 0. 

We shall say that the equation is now in its simplest form ; 
as will be seen hereafter, some of the properties of equations can 
be enunciated more concisely when the equation is in this form 
than when 2” has a coefficient which is not unity. If we do 
not wish to suppose the coefficient of a” to be unity, we may 
conveniently denote it by p,; then the equation takes the form 


P&" + pe" + p+ tpt p «t+ p,=0. 
The term p, is called the term independent of x. 


3. It must then be remembered that by equation we mean 
rational integral equation ; an equation which is not of this form 
may often be reduced to it by algebraical transformations; for 
example, the equation ax*+be+¢,/a=f may be reduced to a 
rational integral form by transposing ¢ /a and f and then 
squaring ; it will thus become a rational integral equation of 
the fourth degree. Equations which involve logarithmic func- 
tions, or exponential functions, or trigonometrical functions, or 
irrational algebraical functions, will not be directly included in 
our investigations ; for example, such equations as tan x—e"= 0, 
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or xlogx—a=0, will not be included. However, the theory 
which will be given of rational integral equations will indirectly 
throw some light on these excluded equations. 

And when we speak of any function /(x) we shall always 
mean a rational integral function of x, unless the contrary is 
specified. 


4. A remark of some importance must be made with respect 

to the coefficients py, P1 Poy --» Pn» in the equation 
pier + pyc + pert... + Dy gh? + P, 10 +p, = 0. 

In the quadratic equation ax’? +ba+c=0 we are able to solve 
the equation without knowing what particular numbers are de- 
noted by a, 6, c; all we require to know is that a, b, c are some 
numbers independent of « If we have to solve the equation 
x*—12%+15=0 we may either transpose the 15 and complete 
the square in the ordinary way, or we may take the general 
formule given in Art. 1, and put in them a=1, b=-12, c=15. 
If we wish to solve an equation without having the numerical 
values of the coefficients previously assigned, we are seeking 
what may be called the algebraccal solution of the equation ; 
and if we can effect the algebraical solution of the general 
equation of any degree, we may obtain a numerical solution of 
an equation of that degree, by substituting the numerical values 
of the coefficients in the general formula which gives the alge- 
braical solution. As we proceed we shall find that the algebraical 
solution of equations up to the fourth degree inclusive has been 
effected ; but both in equations of the third degree and of the 
fourth degree, when we substitute the numerical values of the 
coefficients in a specific equation in the general formula, the 
result takes a form which is sometimes practically useless, And 
beyond equations of the fourth degree the general algebraical 
solution of equations has not been carried, and it appears cannot 
be carried, 

But with respect to what may be called the arithmetical solu- 
tion of equations in which the coefficients are given numbers, 
more success has been obtained. Thus, for example, although 

1—2 
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we cannot solve algebraically the general equation of the fifth 
degree, we can by numerical calculation discover any root which 
an equation of the fifth degree with known numerical coefficients 
may have, or at least we can approximate as closely as we please 
to such a root. 


5. Let us denote by f(x) the expression 


perp e+ pe A+... +p, +p, 2+ Dp, 5 
then the value of this expression when «=a may be denoted by 
J (a). We will shew how the numerical value of f(a) may be 
most easily calculated, supposing that the coefficients of f(x), and 
also a itself, are specified numbers. 


Take for example an expression of the third degree; then 
_ we wish to find the numerical value of 


Pw + pa + PU + P,- 
First obtain Pe; 
add p,, this gives pat Dp; 


multiply by a, this gives p,a°+ p,q; 
add p,, this gives PU + pat py; 
multiply by a, this gives p,a°+p,a7+p,a; 
add p,, this gives Pi? + piv? + pat p,. 
We may arrange the process in the following way; 


Po Pr Ps Ps 
pot pot? + py poe + pa’ + pia. 
Pe Py Pw + py +P, Pye + Pa’ + po +P, 
We may proceed in the same way whatever may be the 


degree of f(z). For example, required the numerical value of 
3a* — 2a°-5xe+ 7 when a= 3, 


3 -2 0-5 + 7 
+9 +21 +63 +174 
+7 +21 +58 +181" 

Thus the result is 181. 
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6. If any rational integral function of x vanishes when 
x=a, the function is divisible by x —a. 

Let f(x) denote the function; then we have given that 
J (a) = 0, and we have to prove that f(z) is divisible by x — a. 

Divide f(x) by «-a by common algebra until the remainder 
no longer contains x; let Q denote the quotient and & the re- 
mainder if there be one. Then f(x)=Q(xz-a)+R. In this 
identity put a for x; since Q is a rational integral function of « 
it cannot become infinite when =a; therefore Q (a —«a) vanishes 
when «=a. Also f(#) vanishes when «=a by supposition, Thus 
F vanishes when «=a; but F& does not contain 2, so that if it 
vanishes when «=a it always vanishes. That is, R=0 and x-a 
divides f(x). 

7. The above demonstration is important and instructive; 
we may however prove the theorem in another way, which will 
moreover have the advantage of exhibiting the form of the 
quotient Y. Suppose 

J () =p" +pv + pyr” +... +P, 60 + p,_,& +P,» 
then since f(a) = 0 we have f(x) =/(«) — f(a) 
= p, (0" - 0") +p, (*— a) +p, (al) + +P, (0a), 
Now the terms x*—a", x""'-a"™",... are all divisible by x-a 
(see Algebra, Art. 483). By performing the division we obtain 
for the quotient 
Dy (x) + aa * + aa" +... +a" “a +a"~") 


+p, (a? + as" * + aa" *+...+a"~*) 


ate e late 
+ Pqg (@ +a) 
= Oa 


We may rearrange the quotient thus : 
py" + (pot + p,) a? + (py! + pa + Py) @? + os. 


+p,a° + pyar? +... + Dyas 
and we may denote it by 


_ _ —3 
QO + 9,098 +90" + 0. + Yeu gh + 9,-0 


6 INTRODUCTION. 


The new coefficients are therefore connected with each other 
and with the old coefficients by the formule 
G=Po N=%+ Pi» Y2= 49, + Par Yg= Wat Psy o++++ 3 
that is, each new coefficient is found by multiplying the preceding 
new coefficient by a and then adding the corresponding old coeffi- 
cient. It will be observed that these new coefficients are succes 
sively determined by the process of Art. 5. 


8. If x—a divide f(x) which is any rational integral funce- 
tion of x, then a is a root of the equation f (x) =0. 

For let Q denote the quotient when /(«) is divided by x —a, 
then f(x)=Q(x-—a). In this identity put @ for a, then Q is not 
infinite, and therefore @(a—a) vanishes. Thus /(«) vanishes 
when x=a, and therefore a is a root of the equation f (x) = 0. 


9. To find the remainder when any rational integral function 
of x ts divided by x—c, where c is any constant. 

Let f(x) denote any rational integral function of a, and divide 
J («) by x—e until the remainder is independent of #; let Q 
denote the quotient and & the remainder. Then 


J (x)= Q (e-c) + R. 
In this identity put c for 2, then Q is not infinite, and therefore 
Q (%—c) vanishes ; thus f(c)=R. Thatis, Ris equal to f(c) when 
«=c, but & does not contain a, so that R is equal to f(c) always. 
For example; if 32*—2a°-5x2+7 is divided by #—3, the 
quotient is 3a°+7a°+2la+58, and the remainder is 181; see 
Arts. 5 and 7. 


For another example let us divide the same expression by a—4: 
3- 2 O- 5+ 7 
+ 12+4+40+160 + 620 
+10+40 + 155 + 627 
Thus the quotient is 3a°+ 10a*+ 40x%+155, and the remainder 
is 627. 


This process is a particular case of Synthetic EN see 
Algebra, Chapter LvuI1. 
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10. Let f(@) be any rational integral function of z, and 


suppose «+y put for x; then we propose to arrange f(x+y) 
according to powers of y, and to determine the coefficients of 


the different powers. 
Let fe) =p" +p" +ps"*+...+p,_2+p,; then 
S(E+Y)=BE+Y) +P (ery) +p, (2+y)"* + + + Py (BtY) tP,. 
Expand (z+y)*, (c+y)"", ... by the Binomial Theorem, and 


arrange the whole result according to powers of y; we thus 
obtain for f(z+ y) the following series : 


Pio + pe + py +... +p, 2+, y 
+y (meat +(n—I) pa" + (n—2) pa? +... +p J 


+ Sine ~1) py’? + (a —1) (n—2) pz "+... + 2p, 


The first line of this series is obviously f(x). We shall denote 
the coefficient of y by /’(x), the coefficient of - Le 9 by J'(a), the 


coefficient of 5 by f(z), and so on; this notation becomes 
inconvenient when the “Soa of accents is large, and so in 


general the coefficient of 7 ir ’ will be denoted by f/’(z). Hence 
Sera =f) +f + {GS Orn I") +. 


¥ r yf n 
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By inspection it will be seen that the functions / (a), f(x), J (2); 
f'" (a), ... f(a) are connected by the following general law : in 
order to obtain f’*'(x) we multiply each term in f(x) by the 
exponent of # in that term and then diminish the exponent by 


unity. 
11. Let us suppose, for example, that f(#) is of the fourth 
degree ; let 
S () = ptt + py + pat + pe + Py 
Then J’ (a) =4p,2°+ 3p,a° + 2p,0+p,, 
St” (a) =4. 3p,2°+ 3. 2p,% + 2p,, 
f(a) =4. 3. 2p e+ 3 . 2p,; 
if (nase as Dos 


Slory) =f (@) +uf"0) + or") + . f(a) + t f(a). 


If we suppose numerical values assigned to p,, p,, Ps, Ps, Py and 
x, we may calculate separately f(x), f(x), ... by the method of 
Art. 5; we shall however hereafter, in explaining Horner’s method 
of solving equations, shew how these calculations may be most 
conveniently and systematically conducted. 


For another example suppose that f(a) =p (a +c)”. 


n n— =i 
Then f(x) =p {z + nea ela i eo nen +eth : 


Tie 
therefore 
Ff (2) =p {natn (n— 1) ca"~*+ ee cae ne : 
that is J («) = pn (a +e)": 
similarly J" (#) = pn (n—1) (a +0)", 


SF" (@) = pn (n -1) (n= 2) (a + 6)", 
and so on. 
Suppose that ¢ (x) and (a) are two rational integral functions 
o a, ae that f(x)=(«)+y (x); then it is easily seen that 
f(x) = $x) + Y/ (x), and f(a) = p(x) + w'"(z), and so on. 
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12, If we write the series for f(x+y), beginning with the 
highest power of y, we shall have 


F(@+y)=pey'+ (p,+ mpg y'+ tp,4(n-1) pee oe Po pg aly" xe 


+ {p+ (0-2) pgor CHIE) pp, MO D9) mM =2) phy 


Soo 


n(n—-1)...(n—r+ =) peel y 


+ {p+ (n-r4l)p_ et. + c 


+...+f (x). 

This may be seen from the form already given for f(a+y), or by 
expanding separately every term in f(~+y), and arranging ac- 
cording to descending powers of y. 


13. The function /’ (x) is called the first derwed function of 
Sf (x), the function f(a) is called the second deriwed function of 
J (x), and soon. The reader, when he is acquainted with the ele- 
ments of the Differential Calculus, will see that each derived 
function is the differential coefficient with respect to x of the 
immediately preceding derived function, and that the expression 
for f (x + y) in powers of y is an example of Z'aylor’s Theorem. 

Moreover, it must be observed that f(x) is deduced from /(z) 
in precisely the same way as /’(a) is deduced from f(x). Thus 
J’ (x) is the first derived function of /’(«), and f’”’ (a) is the second 
derived function of f(x), and so on. Hence by the preceding 
Article we have 


SJ (a+ y=f (x) +uf" @)+755 Ba )tee 


i 
es "al 


Similarly /’(2+y) =S'(0) + uf" (a) + ea f'"@) + 


fee hare) ee eae) 


And so on. 
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14. In any rational integral function of x arranged according 
to descending powers of x, any term which occurs may be made to 
contain the sum of all which follow it, as many times as we please, 
by taking x large enough, and any term may be made to contain 
the sum of all which precede it, as many times as we please, by 
taking x small enough. 

Let pe" + pv" +p,c" +... +p, +p,.e+p, be any ra- 
tional integral function of 2; suppose for example that the 7“ term 
p,_,x"-"*' occurs; that is, suppose p,_, not zero. Let g denote the 
numerical value of the greatest of the coefticients p, p,,.,...P,- 


The sum of all the terms which follow the r* term cannot exceed 
Sri 1 


a Sa : 
g(x" "+a""""'+...+%4+1), that is, Rome gaa The ratio of the 7* 


Lat? 
term to this is?" a that is, pa, By taking a 


large enough, the numerator can be made as large as we please, 
and the denominator as near to g as we please; thus the ratio can 
be made as great as we please. 

This proves the first part of the proposition. To prove the 


1 . : 
second part put aoa , then we obtain the series 


w= 


Y{Pot PLY + Pay? + + + Py” + Prd"). 

We have now to prove that by taking 2 small enough, that 
is by taking y large enough, any term p,y" which occurs can be 
made to bear as great a ratio as we please to the sum of the terms 
Pot Py+...+p,y' which precede it; this has been already 
proved in the first part. 


15. One of the first questions which can occur in the theory 
of equations is whether a root must exist for every equation ; and 
we shall now give some simple propositions which establish the 
existence of a root in certain cases. We shall require a theorem 
which is often assuined as obvious, but which may be proved in 
the manner shewn in the next Article. 


16. Let f(x) be any rational integral function of a, and fi (a). 
J (0), the values of f(a) corresponding to the values a and 6 of « ; 
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then as x changes from a to b the function f(x) will change from 
J (a) to f(b), and will pass through every intermediate value. 


Let any value ¢ be ascribed to a, and let f(c) be the corre- 
sponding value of f(x); let c+h be another value which may be 
ascribed to «; then by taking A small enough f(c+h) may be 
made to differ as little as we please from f(c). For 

, h? i Dina 1 
Fle +h) = fc) + hfe) + eS (c) +... rs Ses "(oy 


Then, by Art. ff by ie: i small enough, the first term of the 


series if’ (c), = 9 NG B i “(e), ... Which does not vanish, can 


be made to contain the sum of all which follow it as often as we 
please, and by taking / small enough this term will itself be ren- 
dered as small as we please. Therefore f(c +h) —/(c) can be made 
as small as we please by taking A small enough. This shews that 
as x changes, f(x) changes gradually, so that if f(a) takes any 
value for an assigned value of «, it will take another value as near 
as we please to the former, by taking another value of x which is 
sufficiently near to the assigned value. Hence as x changes from 
a to b, the function f(x) must pass without any interruption from 
the value f(a) to the value f(b); for to assert that there could be 
interruption would amount to asserting that f(x) could take a 
certain value, and could not take a second value as near as we 
please to the first value. 


17. We do not assert in the preceding Article that f(x) 
always increases from f(a) to f(b), or always decreases from / (a) 
to f(b); it ay be sometimes increasing and sometimes decreasing. 
What we assert is, that it passes without any sudden change of 
value, from the value f(a) to the value f(b), The proposition is 
one of great importance, and probably will appear nearly evident 
to the student on reflection. It is obvious that f(x) has some 
finite value for every finite value ascribed to w; also we have 
proved that an indefinitely small change in x can only make an 
indefinitely small change in f (x), so that there can be no break in 
the succession of values which f(a) assumes. 
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18. The student who is acquainted with Co-ordinate Geo- 
metry will find it useful and interesting to illustrate the present 
subject by conceiving curves drawn to represent the functions. 
Thus let f(a) be denoted by y, so that y= f(x) may be conceived to 
be the equation to a curve; then by supposing this curve drawn 
for the part lying between x=a and «= 6, a good idea is obtained — 
of the necessary consecutiveness in the values assumed by f(x) 
between the values f(a) and f(b). 

It must be observed that we do not restrict a, b, f(a), 7 (6), to 
be positive quantities; and by values intermediate between /(a) 
and f(b) we mean intermediate in the algebraical sense; that 
is, any quantity z is intermediate between f(a) and /(6) which 
makes z — f(a) and f(b) — 2 of the same sign. 


19. If two numbers substituted for x wm a rational integral 
expression f (x) give results with contrary signs, one root at least of 
the equation f (x) =0 les between those values of x. 

Let a and 6 denote the two numbers ; then f(a) and f (6) have 
contrary signs. By Art. 16, as « changes gradually from a to 3, 
the expression f(x) passes without any interruption of value from 
f(a) to f(b); but since f(a) and f(b) are of contrary signs the 
value zero lies between them, so that f(x) must be equal to zero 
for some value of x between a and 6; that is, there is a root of the 
equation f(x) = 0 between a and 6. 

We do not say that there zs only one root. And we do not 
say that if f(a) and f(b) are of the same sign there will be no 
root of the equation f(x) =0 between a and 5. 


20. An equation of an odd degree has at least one real root. 
Let the equation be denoted by f(x) = 0, where 
S (a) = py” + py" + 0. +, 8 + Pp, 
and 7” is an odd number. 

When « is large enough the first term of f(a), namely p,x", 
will be larger than the sum of all the rest by Art. 14, and there- 
fore the sign of /'(a) will be the same as the sign of p,x". Thus, 
by taking x large enough, the sign of f(x) can be made the same 
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as the sign of p, when & is positive, and the contrary to that of p, 
when « is negative. Since then f(x) changes its sign as x passes 
from a suitable negative value to a suitable positive value, there 
must be some intermediate value of « which makes /'(x) vanish ; 
that is, there must be some real root of the equation f(x) = 0. 


We may determine whether this root is positive or negative. 
For when we put zero for x the sign of f(x) is the same as that of 


p, Thus if p, and p, have the same sign, so that is positive, 


there will certainly be a negative root of the equation f(x) =0; 


and if p, and p, have contrary signs, so that © is negative, there 


will certainly be a positive root of the og niation: J (x)=0. Thus if 
an equation be of an odd degree, and be brought into its simplest 
form by dividing by the coefficient of the highest power of a, it 
will have a real root of the sign contrary to that of the last term. 


21. An equation of an even degree which is in its simplest form, 
and has its last term negative, has at least two real roots of contrary 
signs. 

Let f(x)=0 be the equation; then when «& is zero f(a) is 
negative by supposition. When @ is large enough f(x) is posi- 
tive, whether x is positive or negative. Thus there is some 
negative value of « which makes f(x) vanish, and also some posi- 
tive value of « which makes f(a”) vanish, That is, the equation 
J (2) =0 has certainly one negative root and one positive root. 


22. If the rational integral expression f(x) consists of a set of 
terms in which the coefficients are all of one sign, followed by a set 
of terms in which the coefficients are all of the contrary sign, the 
equation £ (x) =0 has one positive root and only one positive root. 


By Arts. 20 and 21 the equation /(x)=0 must have one 
positive root; we will shew that it has only one positive root. 


Let S (@) =pel + per + pst * + re + Dy + Dye 


Suppose the coefficients p,, p;,, ...p, all positive, and the remaining 
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coefficients negative ; let p,,,=—Pisys Pro =—Praer -* Pu= a Poe 
Then we may write f(x) thus, 

r r-2 i Bie Bete re 
J (x)=a"" {oye + pe + pe Bat, SP, igs gt <n . 


The expression p,27 ‘par? + pe? +...+p, Mmereases aS & in- 


creases, unless 7 = 0, and then it remains constant; the expression 


Thus as 2 in- 


P. 
th tt tt 
ax 40) 


creases from zero onwards, the two expressions cannot be equal 
more than once. That is, f(x)=0 has only one positive root. 


The demonstration will be the same if we suppose the first set 
of coefficients negative and the second set positive. 


23. To prevent any mistake it will be useful to draw attention 
to the precise results obtained in the last three Articles. 


In Art. 20 it is proved that the equation considered has at least 
one real root; it is not proved that it has one only. In Art. 21 
it is proved that the equation considered has at least two real roots; 
it is not proved that it has only two. In Art. 22 it is proved that 
the equation considered has one positive root and only one positive 
root: it is not proved that it has no negative root. 


24, The propositions in Arts, 20, 21, and 22, as to the exist- 
ence of roots in certain cases, depend upon the fact that we are 
able to shew that /(«) undergoes a change of sign or changes of 
sign. We cannot infer conversely that if f(x) never changes its 
sign within a certain range of values for @ there is no root of the 
equation /(x)=0 within that range of values for w Take for 
example a —6x+9; this expression never changes its sign, and 
yet it vanishes when a=3: the expression is equal to (#— $3)’. 
But if the equation /(x)=0 has no root within an assigned range 


of values for w we are sure that f(x) never changes its sign within 
that range of values for a. 


The following statements respecting the absence of roots will be 
seen to be obviously true: 
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(1) If the coefficients in f(x) are all positive, the equation _ 
J (x) =0 has no positive root. 

(2) If all the coefficients of the even powers of x in f(x) have 
one sign, and all the coefficients of the odd powers of x the contrary 
sign, the equation f(a) =0 has no negative root. 

(3) Iff(«) involves only even powers of x and the coefficients 
are all of the same sign, the equation f (x) =0 has no real root. 

It is supposed in this case that there is a term independent 
of a. 

(4) If f(x) involves only odd powers of x and the coefficients 
are all of the same sign, the equation f(x) =0 has’no real root, 
except «= 0. 

It is supposed in this case, of course, that there is no term in- 
dependent of a. 

We say in the last two cases that the equation has no real 
root, and we do not say that the equation has no root, for we 
know that by virtue of some conventions an equation may in some 
cases have imaginary roots; see Algebra, Chapter xxv. And in 
fact we shall now proceed to shew that imaginary roots must 


exist. 


II. ON THE EXISTENCE OF A ROOT. 


25. We shall now prove that every rational integral equation 
has a root, either real or of the form a +b ,/—1, where a and 6 are 
real; such an expression as a+b ,/—1, where a and b are real, we 
shall call an imaginary expression. That is, when we use the term 
imaginary we shall always mean that the expression to which we 


apply this term is of the form a+ b,/—1, where a and b are real. 
26, The student is supposed to know that by virtue of certain 


conventions, imaginary expressions can be used in algebraical 
investigations, and theorems can be established respecting them. 
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Thus, for example, the positive value of the square root of a? +B? 
is called the modulus of each of the expressions a+6,/—1 and 
a—b uf —1; and with this definition we can shew that the modulus 
of the product of two imagimary expressions is the product 
of the moduli of those two expressions. For the product of 
a+b /—1 and a +0’ J/-1 is aa’ — bb’ + (ab’+a/b),/—1, and the 
modulus of this is the positive value of the square root of 
(aa! — bb’)? + (ab’ + ab)’, that is, of (a* + 0°) (a? + 6”); that is, the 
modulus is the product of the moduli of the two given expressions. 
Also an imaginary expression @+,/—1 is considered to vanish 
when a and 6 vanish; that is, an imaginary expression vanishes 
when its modulus vanishes. Thus, by what has just been shewn, if 
the product of two imaginary expressions vanishes, the modulus of 
one of the expressions must vanish ; so that if the product of two 
or more imaginary expressions vanishes, one of the expressions them- 
selves must vanish ; and if one of the expressions vanishes the pro- 
duct vanishes. 


27. The student who has not paid attention to the subject of 
imaginary expressions may consult the Algebra, Chap. xxv, The 
proof however that every equation has a root, real or imaginary, to 
which we shall now proceed, is somewhat difficult ; the student 
therefore on reading this subject for the first time may assume this 
proposition, and reserve the remainder of the present Chapter for 
future consideration. 


28. We shall first shew that a root, real or imaginary, exists 
for each of the following four equations : 


Fe Ile Cl a =+4,/—)1, Cr Aan 
(1) a#=1. It is obvious that 2=1 is a root of this equation, 


(2) #=—1. Ifm is an odd number it is obvious that 2=—1 
is a root of this equation. If m is an even number suppose it equal 
to 2m; we have then to shew that there is a solution of 2"=—] A 
this amounts to shewing that there is a solution of a"=+ J/-1, and 
is therefore included in the next two cases. 
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(3) a"=+,/—1. If mis an odd number it must be of one of 
the two forms 4m+1 and 4m+3; in the former case +./—1 is a 
root, since (+,/—1)*! = + ,/—I, and in the latter case —,/—I is a 
root, since (—,/—1)*#=+4,/—I. If n is an even number suppose 
it equal to mp, where m is an odd number, and p is some power of 
2, say 24, Put y=’, then the equation #”’=+ bf —1 may be 
written y"=+,/—1, and by what has been already shewn + ,/—1 
or —,/—1 is a suitable value of y, according as m is of the form 
4r+1 or 4r+3. We have then to find a value of « which will 
satisfy a? =+,/—-1 or # =—,/-I, where p=21. The required 
value can be obtained by common Algebra. For take the square 
root of +,/—1 or of —,/—1; this will give an expression of the 
form a+ BY —1, where a and f are real; take the square root of 
a+ e/—1, which will give a similar expression; and so on: see 
Algebra, Chapter xxv. Thus after g extractions of the square root 
we arrive at an expression a+b,/—1, such that (a+b./ —1) 


or 2/1. 
(4) w"=-,/—1. This case is treated like (3). If m bean odd 
number, —,/—1 or +,/—1 is a root, according as n is of the form 
4m+1or4m+3. If mn be an even number suppose it equal to mp, 
where m is an odd number and p = 2’, and proceed as before. 


29, Lvery rational mtegral equation has a root real or 
imaginary. 

Let f(x) =pa"t+ pe" +p" +... +p, +p,_,¢+p,, where 
the coefficients p,, Py) -+»Py—o» Pai» P, My be either real or 
imaginary ; we have to shew that the equation /() =0 has a root 
either real or imaginary. If any imaginary expression be substi- 
tuted for « in f(x), we shall obtain a result of the form U+V,/-1, 
where U and V are real quantities, and we have to shew that an 
imaginary expression must exist which will make U=0 and V=0, 
This we prove in the following manner. Since U’+V”* is always 
a real positive quantity, if it cannot be zero there must be some 
value which is not greater than any other value, that is, there must, 


deg Z 
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be some value which cannot be diminished ; but we shall now prove 
that if U?+V* have any value different from zero we can diminish 
that value by a suitable change in the expression which is substi- 
tuted for x; so that it follows that U°+V* must be capable of the 
value zero, that is, UV and V must vanish simultaneously. 


Suppose a particular value assigned to 2, namely, a+b /—1 
let f(x) then become P+Q,/ —1, where P and Q are not botl 
zero. Now put a+b J-1+h for a in f(x); the value which f(a 
then takes may be found by first expanding /(#+) in powers c 
h, and then putting a+},/—1 for a. Suppose then 


2 n 
ferh)=X +X) X's aeeaee +7 Pale 


where X, X’, X”, ... are functions of 2; see Art. 10. Put a+6/—-1 


for a, then X becomes P+Q,/—1l. Some of the coefficients 
X’, X”,... may vanish for this value of a, but they cannot all 
vanish, since the last coefficient, which is that of ia is p, |r. 
Suppose 2” the lowest power of 2 for which the coefficient does 
not vanish, and denote the coetfticient of A" by R+S./—1, so that 


R and § are not both zero. Thus when a+b,/—1+A is substi- 
tuted for « the function /(a) becomes 
P+QJ/-1+(R+SJ=1) A" +..., 


where the terms not expressed can only involve powers of h 
higher than h". Denote this by P’+Q’/—1. 


Let h=et, where ¢ is a real positive quantity. By Art. 28 
it 1s In our power to take ¢ so that ¢" may be +1 or —1; thus we 


can make 
P'+Q J-l=P+Q/=1e(R+ S/H) et 4..., 
so that P= Px Re" + 


QW = Oe Se 4.105 
and 7 PE+ Q%= Pt + Q8a 2 (PR+ QS) e+ ..., 
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where the terms not expressed can only involve powers of « 
higher than e”. 

Now « may be taken so small that the sign of all the terms 
involving ¢ in the value of P’+QQ” will be the same as the sign 
of +2(PR+QS8) <", provided PR+ QS be not zero; see Art. 14. 

We will first suppose that PR+@Q is not zero, Then the 
sign of P®+Q”—P?—Q” is the same as the sign of + 2(PR+QS8) e”, 
when e is taken small enough ; and we can ensure that this sign 
shall be negative by supposing that ¢" is —1 or +1, according as 
PR+QS is positive or negative. We can therefore make P?+Q” 
less than P?+ Q?. 7 - 


Next suppose that P#+@QS is zero, Then instead of taking 
™=-+1, take ¢*=+,/—1. Proceeding as before we shall obtain 


Om oN Pia) = h(x 1) eh 1 be 


so that Pie Pe Se"... 
V=Q+Rhe™+..., 
and PPL Q? = P?+Q'+2(QR—PS)e™+..., 


where the terms not expressed can only involve powers of ¢ 
higher than e”. 

Now (P2R+ QS)’+ (QR — PS)’ = (P?+ Q’) (K+ 8S’); and this 
cannot be zero, because by supposition P’+Q* is not zero, and 
R’+S* likewise is different from zero. Thus since PR+QS is 
zero, QR—PS is not zero. Therefore the sign of P’+ Q?-— P?—Q? 
will be the same as the sign of +2 (QA-—PS) e” when ¢ is taken 
small enough ; and we can ensure that this sign shall be negative 
by supposing that ¢” is — /=1 or +,/=1, according as QR-PS is 
positive or negative. We can therefore make P’+ Q” less than 
LP? + Q?. 

We have thus shewn that when U*+V”’ has any value different 
from zero we can diminish that value by a suitable change in the 
expression which is substituted for «; that is, U°+V* is not 
susceptible of any positive value which cannot be diminished ; 


2—2 
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hence, as we have already stated, it must be possible that V=0 
and V=0 simultaneously. 


30. It remains to be shewn that a and 6 in the expression 
a+b,/—1, which is the value of « that makes J (a) vanish, are 
Jinite. 

’ ig Fa. 
h =p e"sl+—=t +34... - 
We have /(x)=p, | ae ae 
Substitute a+b,/—1 for «; then f(a) becomes 
TF \2 P P2 P, \ 
b,/—1)" 414 -—+~+—— + ——=2 —_ +...+ eae 
eabJ=Iy | p(a+bJ=l) p,(atdJ=l p,(a+bJ—l)P 


Take any term of the series within the brackets, for example, 
that involving p,; we have 


P,___ P,(a—b J-1)* _p,(a*- 8") _ 2p,ab,/-1 
p(a+bJ—=1)? — Py(a*+ i P, (a +6)’ py (a° + 6)? 
=A+B,/-l, say. 


Then it is evident that A and B diminish without limit as 
a and 6 increase without limit. Thus denoting the value of f(z) 


when x=a+b,/-1 by U+V,/-1, we have 
U+VJ-l=p,(a+ 6,/—1)" {1+4'+ B’ f-1}, 


where A’ and B’ diminish without limit as a and 6 increase with- 
out limit. 


If we put a—b,/—1 for « we shall obtain a result which can 


be deduced from that just given by changing the sign of /—1 
thus 


U-VJ-1=p, (a—bJ=1)" {1+ .4’— B’ J-1}; 
therefore U*+V* =p? (a? +b?) {(1+ A’ + B%, 
and this increases without limit when @ and 6 increase without 
limit ; for the factor (a+ 6°)" increases without limit, and the 
factor (1+4’)’+B” tends to unity as its limit. Thus U2+7? 


cannot vanish when a and 6 are indefinitely great, or when either 
of them is indefinitely great. 
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31. It will be observed in the demonstration of Article 29, 
that the coefficients of the proposed equation may be either real 
or imaginary. We shall however in the subsequent part of this 
book always suppose the coefficients to be real unless the contrary 
be stated. 


_ 32. The proof given in this Chapter of the existence of a root 
of an equation is called Cauchy’s proof. The subject has recently 
been again discussed by mathematicians, and two memoirs will be 
found on it in the Tenth Volume of the Transactions of the 
Cambridge Philosophical Society, one by Mr De Morgan, and the 
other by Mr Airy; there is a supplement to the latter. It ap- 
pears from Mr De Morgan’s memoir that the proof known as 
Cauchy’s had been previously given in substance by Argand. 


We may briefly notice an objection which has sometimes 
been urged against Cauchy’s proof. It has been said that it is 
concewable, until the contrary is shewn, that U*+V? may ap- 
proach indefinitely near to some limit greater than zero without ever 
reaching this limit. But this objection can be removed by the aid 
of Art, 30. Let z stand for U*+ V’, that is, for 


Serbs 1) f(a—b.J =1): 
then we know that z is finite for finite values of a and 6, and infi- 
nite for infinite values of a and 6. Hence the least value of z 
must occur when a and 6 have finite values; and if the least value 
of z were not zero the demonstration of Art. 29 would be contra- 
dicted, 

The student who is acquainted with the elements of Geometry 
of Three Dimensions will be assisted by supposing a, b, and z to be 
coordinates of a point in space, and imagining the surface deter- 
mined by the relation 


2=f (a+6,/—1) x f(a-bJ 1). 
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III. PROPERTIES OF EQUATIONS. 


33. Every equation has as many roots as the number which 
expresses its degree, and no more. 


Suppose the equation to be of the n® degree, and denote it by 
F (a) =0, where f (a) = pau" + pa" "+ py? +... +p,,e+p, By 
Chapter 11. the equation / (x) = 0 has a root either real or imaginary ; 
let a, denote that root. Therefore f(x) is divisible by #—a,, by 
Art. 6; so that f(a) =(x—a,) , (x), where ¢, (x) is some integral 
algebraical function of x of the (n—1)" degree. Again by Chapter 
u. the equation ¢, (z)=0 has a root either real or imaginary; let 
a, denote that root. Therefore ¢, (x) is divisible by x—a,, by 
Art. 6; so that ¢, (~) =(x—a,) $, (x), where ¢, (x) is some rational 
integral algebraical function of x of the (n— 2)" degree. Therefore 
J (&) =(%—a,)(«—a,) 6, («). By proceeding in this way we shall 
obtain » factors of f(x) denoted by x—a,, x—a %— G5 
and the only other factor must be p, because the coefficient of a” 
in f(«) isp, Thus 


J (x) =p, (w@—a,) (a ~—a,) (w@—a,)...... (x—a,). 


Hence the equation / (x) = 0 has 7 roots, because f(x) vanishes when 


we put for x any one of the m quantities a,, a,, ...... a,. And the 
equation has no more than » roots, because if we ascribe to x a 
value c which is not one of the m values a,, @,, ...... a,, the value 


of f(a) becomes 
Py (¢ —@,) (c—a,) (¢ —a,)...... (c—a,); 


this is not zero because every factor is different from zero; and the 
product of factors real or imaginary will not vanish if none of the 
factors vanish; see Art. 26. 


34, The roots in the preceding Article are all either real, or of 
the form a+ 6,/—1, where a and 6 are real. And some of the 
TOOtS @,, @,, ...+4. a, may be equal so that there are not necessarily 
n diferent roots of an equation of the n" degree. The student may 
perhaps be disposed to doubt the propriety of saying that an equa- 
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th 


tion of the n™ degree has always n roots, when these roots are not 
necessarily all different. It is however found convenient to con- 
sider that an equation of the u™ degree always has w roots, although 
some of the roots may be equal; just as in common algebra it is 
- found convenient to speak of the quadratic equation oz’ + bz +e=0 
as having two equal roots when b’=4ac, rather than as having 
then only one root. 


35. The only preceding Article of the book which can be at 
all affected by the consideration of the possibility of egual roots, 
which has just been introduced, is Article 22. In that Article it 
is shewn that an equation of a certain form cannot have two different 
positive roots, but the demonstration there given does not exclude 
the possibility of a second root or of more roots equal to the root 
which necessarily exists. After we have proved Descartes’s Rule 
of Signs however it will be obvious that the equation in question 
can. have only one positive root without any repetition. 


36. If we know a root a, of the equation f(x) =0 we know 
that f (a) =(«—a,)h, (x) where ¢, (x) is a function of « one degree 
lower than f(x); and the remaining roots of the equation f(z) =0 
can be found if we can solve the equation ¢, (~)=0 which is one 
degree lower than the equation f(z)=0. Similarly if we know 
two roots a, and a, of the equation f(z)=0 we know that 
f (2) =(@ —4,) (2 — 4,) b, («) where ¢, (%) is a function of x two de- 
grees lower than f(a); and the remaining roots of the equation 
J (2) =0 can be found if we can solve the equation ¢,(z) =0, which- 
is two degrees lower than the equation f(z)=0, And go on. 


37. If f(x) be any rational integral algebraical function of x 
of the n™ degree, we have shewn that f(x) must be capable of 
resolution into 1 factors of the first degree, so that 


S (2) =p,(4@-4,) (2-4,)......2-4,), 
where ,, Gy, «+++ a, are either real or imaginary. It is to be 
observed that there is only one system of factors into which f(z) 
can be resolved; this has already appeared when the quantities 
G,; %,...0, aveall unequal, but it still remains to be shewn that when 
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some of the quantities @, , @,,...@,, are equal, /(x) cannot be formed 
in different ways in which the same factors occur with different 
exponents. If possible suppose that 


J (x) =p, (w— a,)"(e@—a,)*(@— ay)... 
and also J (@) =p, (w@— a, )P(@ — @,)*(@ — @ JF... 
Suppose * greater than p; then dividing by (#—a,)? we have 
ry (@ — @,)? (w@ — a,)"(@ — @,)' 0... = py (@— @,)9(@— GF... 
Now the left-hand member vanishes when x= a@,, but the right- 


hand member does not; the expressions then cannot be identical, 
and therefore j(x) cannot admit of more than one system of factors. 


38. Jf any rational integral function of x ef the n™ degree 
vanishes Jor more than n different values of x every coefficient in the 
Junction must be sero, so that the function must be zero for every 
value of X. 

For if any coefficient in the function is not zero the function 
will no? vanish for more than » different values of a, so that if the 
function does vanish for more than » different values of x every 
coefficient in the function must be zero. 


39, The proof in the preceding Article makes the proposition 
depend upon the fact that an equation of the x® degree has x 
roots, and thus ultimately upon the investigations in Chapter 1. 
We may however establish the proposition by an inductive proof 
which does not require the investigations in Chapter 1. 

Suppose it true that when a function of x of the x“ degree 
vanishes for more than » different values of & every coefficient in the 
function is zero; and that we require to shew that when a function 
of x of the (w+ 1)* degree vanishes for more than n +1 different 
values of x every coefticient in the function is zero, 


Let f(x) = gyr"** + 9,2" + ge + Hg Que? ANA suppose 
that more than n +1 values of x make f(x) vanish. Let @ be one 
of these values so that ((@)=0. Then f(x)=/ (x) —/ (a) 


= g (v*** — a**') +9, (v*- a") +9, (a —a®") +... +g, (@—a), 
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This may be written in the form 


J (x) =(©- 2) $ (2), 
where ¢ (2) is a function of x of the n™ degree. Since then there 
are more than 7 different values of x, exclusive of a, which make 
J (x) vanish, there are more than 7 different values of « which make. 
¢ («) vanish; therefore by supposition every coefficient in ¢ (x) is 
zero. Now by Art. 7, 


 () = G0" + (Gh 7,) a" + (Gp? + 7,44 Gy) BFF veveee : 
thus g,=0 because the coefficient of a” is zero, then g,=0 because 
the coefficient of x*~' is also zero, then g, = 0 because the coefficient 
of «*~* is also zero, and so on. 


Thus every coefficient in f(z) is zero. 


This establishes the proposition, since it is known to be true 
for expressions of the first and second degree. 


40. If f(x) be any function of « of the n™ degree we have 
shewn that f(x) may be resolved into m factors of the first degree. 
Each of these factors will divide f(x) so that f(x) will admit of n 
divisors of the first degree. Similarly as the product of any two 
of the factors of the first degree contained in f(x) will be a factor 
of the re degree contained in f(x), it follows that f(a) will 
admit of “\“—~/ = CLA =) divisors of the second degree. Proceeding thus 
we see that f(x) will admit of as many divisors of the r* degree 
as there are combinations of m things taken r at a time, that is, f(a) 


will admit of 7 rh ad aa divisors of the 7* degree, 


a 

But it must be remembered that the divisors of any degree, 
as for example the second, will not necessarily be all different, be- 
cause the factors of the first degree in f(x) are not necessarily all 
different. The proposition however shews that there cannot be 


more than ~ (p=) — 1) different divisors of the 7" degree, 
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41. In an equation with real coefficients imaginary roots occur 
ie patrs, 

Let f(x) be a rational integral function of « in which the coeffi- 
cients are all real; then if a+ 8 //—1 is a root of the equation 
F(x) =0 so also is a—8./—1 a root. 

For when a+ 8./—1 is put for x the function (x) takes the 
form P+ Q8,/—1, where P and Q involve even powers of 8. This 
is obvious, because if such an expression as 2" be expanded, where 
x=a+8,/—1, the even powers of BJ —1 will give rise to real 
terms, so that ./— 1 will occur only in connexion with odd powers 
of 8. And as the coefficients in f(x) are supposed real / =T cannot 
oceur except with some odd power of 8. If then a—8,/—1 be 
substituted for « in (x) the result will be obtained by changing 
the sign of 8 in the result obtained by substituting a +8 J=T for 
x; the result is therefore P — Q8 J-1. 

Now suppose that a+8,/—- 1 is a root of f(a) =0; then 

P+Q8/—1=0, | 
indie as a real quantity P cannot be equal to an imaginary quan- 
tity — Q8 /—1, this requires 

P=0, and Q@=0. 

And then a— 8 ,/ —1 is also a root of f (x) = 0. 


42. Thus if (x) be a rational integral function of x with real 
coefficients, and have a factor # -@, where a, =a+8,/—1, it has 
also a factor a—a, where a,=a—BJ/—1. The product of the 
two factors «-—a-—8,/—1 and e-a+ 8 /—1, is (w—a)*+ B% or 
x — 2ax+a*+ 6°; that is, the product is a real quadratic factor. 


43. We have thus arrived at the result that any rational 
integral function of & with real coefficients may be regarded as the 
product of real factors, either simple or quadratic; and that there 
is only one such system of factors for any given function... Thus 
F(x) must be of the form (x— a) (w—6)(x— e)...(7-k) d (@), where 
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a, b, ¢,...k are all the real roots of f(«) =0, and ¢ (x) is a function 
consisting of the product of quadratic factors which cannot change 
its sign. 

44, In the manner of Art. 41 it may be shewn that if the 
coefficients of any rational integral function f(x) of # be themselves 


rational, and the equation f(x) =0 has a root of the form a+ ,/b 


where ,/b isa surd, the equation has also a root w — Jb. Thus f(x) 
has a rational quadratic factor (a — a)* —b. 


45, To investigate the relations between the coefficients of the 
Junction £ (x) and the roots of the equation f(x) =0. - 
Let SF (@) = 0 +p + poli + +p U+p,; 


and suppose that the roots of the equation f(x) =0 are a,, a,,...4,; 


then 
J (#) = (@—4,) (# —4,)...(a—4,). 
Since these two expressions for f(x) are identically equal, relations 
exist between the coefficients p,, p,,...p,, and the quantities 
G,, %,,...0,; these relations we shall now exhibit. 
By ordinary multiplication we obtain 
(a —a,) («—a,) =a? —(a,+4,)u+a,4,, 
(a — a,)(% — a,)(a—4a,) = a0 — (4, +4, + a,) 2” 
+ (4,4, + 4,0, + 4,0) B~ 0,00, 
(a— a,) (a — a,) (2—- a) (% ~4,) = at 7” (a, +4, + a,+ M,) a” 
+ (4,0, + 0,0, + 0,0, + 0,0, + 0,0, + O,,) a 
— (4,0, + O40, + O00, + O,4,0,) 0+ O,4A,0,. 
Now in these results we see that the following laws hold: 


I. The number of terms.on the right-hand side is one more 
than the number of the simple factors which are multiplied 
together. 


II. The exponent of x in the first term is the same as the 
number of the simple factors, and in the other terms each exponent 
is less than that of the preceding term by unity. 
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III. The coefficient of the first term is unity; the coefficient 
of the second term is the sum of the second terms of the simple 
factors; the coefficient of the third term is the sum of the products 
of every two of the second terms of the simple factors; the coeffi- 
cient of the fourth term is the sum of the products of the second 
terms of the simple factors taken three at a time, and so on; 
the last term is the product of all the second terms of the simple 
factors. 


We shall now prove that these laws always hold whatever be 
the number of simple factors. Suppose these laws to hold when 


nm —1 factors are multiplied together; that is, suppose 
(w—a,) (w—a,)...(e@—a@,_,) =a" +. g,0"-7 + ga" FO +g, F999 
n-1) 


where g, = the sum of the terms — a,, —a,,...—@ 


g, = the sum of the products of these terms taken two at a 
time, 

g,= the sum of the products of these terms taken three at 
a time, 


qY,-, = the product of all these terms. 
Multiply both sides of this identity by another factor «—a@,; thus 


(a —a,)(@—a,)...(@—a,) =a" + (g, —@,) @" + (9,-9,@,) 2? 


-3 
+ (Gs — Uq%q) 8 + vrreee = 4,4. 
Now 9¢,-4,=-a,- G,—...—-,_, — a, 
= the sum of all the terms — a,, — a@,,...—@,} 


Yo J ,%, = Ag+ @, (A, +4, +... +,_,) 
=the sum of the products taken two and two of all 
the terms —a,, —@,,...— 4,3 
Ys — Van = Iq — Gy (Ay My + Ay +.) 
=the sum of the products taken three and three of 
all the terms —a,, — Gy. 5 


— 7,-,%, = the product of all the terms —a,, — Gy. — a, 
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Hence if the laws hold when n—1 factors are multiplied together 
they hold when n factors are multiplied together; but they have 
been proved to hold when four factors are multiplied together, 
therefore they hold when five factors are multiplied together, and 
so on; thus they hold universally. 

We have used the inductive method in establishing these laws; 
but they may also be obtained in another way: see Algebra, 
Art. 506. 

Since if a,, ,,...@, are the roots of the equation 

+ pe +p 7 + ...+p_,2+p,=0, 

the left-hand member is equivalent to the product of the factors 
L-,, L-O,,...%—a,, we have the following results. In any 
equation in its simplest form the coefficient of the second term is 
equal to the sum of the roots with their signs changed; the coeffi- 
cient of the third term is equal to the sum of the products of every 
two of the roots with their signs changed; the coefficient of the 
fourth term is equal to the sum of the products of every three 
of the roots with their signs changed,...... the last term is the 
product of all the roots with their signs changed. 

Or we may enunciate the laws thus: the coefficient of the 
second term with its sign changed is equal to the sum of the roots; 
the coefficient of the third term is equal to the sum of the pro- 
ducts of every two of the roots ; the coefficient of the fourth term 
with its sign changed is equal to the sum of the products of every 
three of the roots; and so on. ‘Thus generally if p, denote as 
usual the coefficient of ~~" in the equation, (—1)’p,=the sum 
of the products of every 7 of the roots. 


46. It might appear perhaps that the relations given in 
the preceding Article would enable us to find the roots of any 
proposed equation ; for they supply equations involving the roots, 
and the number of these equations is the same as the number 
of the roots, so that it might be supposed practicable to eliminate 
all the roots but one and thus to determine that root, But on 
attempting this elimination we merely reproduce the proposed 
equation itself. Take, for example, the equation of the third 
degree 
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a+ pat+pe+p,=0; 


suppose the roots to be a, 6, c; then 


—-a—b-c=p,, 
ab + bc + ca=p, 
—abe=p,. 


In order to eliminate b and ¢ and so to obtain an equation 
which contains only a, the simplest method is to multiply the 
first of the above three equations by a’, and the second by a, 
and add the results to the third. Thus 

—a?—a*b —a’e +.a°b + abe + ca®— abe = pa? + p,a+ p,; 

that is, a*+p.a°+p.at+p,=9; 

we have thus the proposed equation with q@ instead of x to 
represent the unknown quantity. And it is not difficult to see 
that we ought to expect a cubic equation in a, if we eliminate 
b and c from the relations we are considering. For the letters 
a, b, ¢ represent the roots without any distinction of one root 
from the others; thus any equation which we deduce for deter- 
mining @ ought to allow of three values for a, since a may stand 
for any one of the three roots of the proposed equation. Thus 
we may feel certain that we shall only reproduce the original 
form of the proposed equation by performing any algebraical 
operations on the relations which connect the known coefficients 
of the equation with its unknown roots, with the view of elimi- 
nating all the roots but one. 


47, Although the relations given in Art. 45 will not de- 
termine the roots of any proposed equation, we shall find that 
they will enable us to deduce various important results with 
respect to equations. For example, if a,, a,, ...... a, are the roots 
of the equation 


a ? nl n-2 ~S 
a + pc’ + p+ tp tp =0, 
we have —P,=4+,4+4,+...+4, 
Pg = UM, + A,A, + 00. + AA, + «2 5 


thus p, - 2p, =as+ai+a2+.. +0, 
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that is p,’— 2p, is equal to the sum of the squares of the roots 
of the proposed equation. If then in any equation p,’— 2p, is 
negative, the roots of the equation cannot be all real. 


48. In the same manner as in the preceding Article we 
may deduce other relations involving the roots. Thus for ex- 
ample 
(-1)"""p,_, =the sum of the products of the roots -1 at a time, 

(—1)*p, = the product of all the roots ; 


therefore by division 


ees ot Z 
Pa G a, a, 


= the sum of the reciprocals of the roots. 


i Ee 1 
Also p, Pi} = (a +4,+...4+4 (+5 +=) 
n. 
a a 
n 1 n 
a We 
=nt+—t+—+...474++...; 
2 a, 1 32 
a a a a 
therefore Sey See nb’ ye al 
2 32 a, a, Pn 


IV. TRANSFORMATION OF EQUATIONS. 


49. The general object of the present Chapter is to deduce 
from a given equation another equation the roots of which shall 
have an assigned relation to those of the given equation. It 
will be seen as we proceed that various transformations of this 
kind can be effected without knowing the roots of the given 
equation; and hereafter examples will occur shewing that such 
transformations may be of use in the solution of equations, 


50. To transform an equation into another the roots of which 
are those of the proposed equation with contrary signs. 


Let f(x)=0 denote the proposed equation; assume y=—«, 
so that when « has any particular value, y has numerically the 
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same value but with the contrary sign; thus «=—y, and the 
required equation is f(—y) = 0. 


r— 2 


If f(z) =pye"+ pa" + pe 
the equation f(- y) =0 is 
p,(-9)'+7,C 9)" +9 y) "+ Pd TP 
that is, Py" — PY + PY" — ++ =P FP, = 95 
thus the transformed equation may be obtained from the pro- 
posed equation by changing the sign of the coefficient of every other 
term beginning with the second. 


ciseaere + p,_,% +P, 


51. The rule at the end of the preceding Article assumes 
that the proposed equation has all the terms which can occur 
in an equation of its degree, that is, it is assumed that no co- 
efficient is zero. But suppose we take an example in which 
this is not the case; thus let it be required to transform the 
equation : 

° + 32° — 4e°-— 424+ 7 =0, 
into another in which the roots shall be numerically the same 
but with contrary signs. Put «=—y, and we get 


y° — 3y° + 44° + 4y+7=0. 

We may if we please write the original equation thus, 

x°+ 3x° + Oat — 4a°+ 02?-4a+7=0; 
then the transformed equation according to the rule in Art. 50, is 

y° — 8y° + Oy* + 4y°+ Oy? + 4y4+7=0, 
that is, y —3y° + 44° +4y+7=0, 
as before. 
An equation is said to be complete when it has all the terms 
which can occur in an equation of its degree, that is, when no 
coefficient is zero. And we shall sometimes find it useful to 
render an equation complete by the artifice used above, that is, 


by introducing the missing terms with zero for the coefficient 
of each of them. 
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52. To transform an equation into another the roots of which 
are equal to those of the proposed equation multiplied by a given 
quantity. 


Let f(x)=0 denote the proposed equation; and let it be 
required to transform it into another the roots of which are 
k times as large. Assume y=ka, so that when 2 has any par- 


ticular value, the value of y is & times as large; thus a=’ 


[ie 
and the required equation is f | = 0, 
53. For example, transform the equation 4 
oe be 22 
3 == 
into another the roots of which are & times as large. Put a=7 


and then multiply throughout by £’; thus we obtain 


Sky? B5ky 2k? 
a cae she cere 


This example will shew us an application which may be made 
of the present transformation. The coefficients of the proposed 
equation are not all integers; by properly assuming k we may 
make the coefficients of the transformed equation all integers. 
For instance, if 4 =6, the transformed equation is 


y® ~ 9y? + 45y — 48 = 0. 
Generally, suppose the proposed equation to be 


a+ pe +p oi +... +p, 0+ p,=9, 


then if we put x=%, and multiply throughout by x", all that 


is necessary to ensure that the coefficients of the transformed 
equation shall be integers is, that for each term of the transformed 
equation p’y""", every prime factor which occurs in the deno- 
minator of p, shall occur to at least as high a power in /”’. 


T. E. 3 


od TRANSFORMATION OF EQUATIONS. 


54. To transform an equation into another the roots of which 
shall be less than those of the proposed equation by a constant 
difference. 

Let f(«)=0 denote the proposed equation; and let it be 
required to transform this equation into another the roots of 
which shall be less than the roots of the proposed equation by 
a constant difference k. Assume y=a—4, so that when a has 
any particular value, the value of y is less by &; thus x=k+y, 
and the required equation is f(k+ y) =90. 


By Art. 10 the expanded form of the equation /(k+y)=0 is 
Z an wet Wd, y° wr, J (k) sa 


Thus if f(x) = p,0"+p.0""'+ p.c**+ ...+p,_ C+D, 


n-1 
the equation /(k+y)=0 when arranged according to descending 
powers of y is by Art. 12 


Dy" + (p,+ np,k) y+ {», +(n-1) p,k+ £ . saly 


stale a\s 


+ {Pt (n=r4)p, 4h ee Oa Oar) pe) fre 


[* 
tapers fe =O: 


A good practical mode of conducting the operation will be 
found in Chapter xvi11. 


55. If an equation is to be transformed into another the 
roots of which exceed those of the proposed equation by the 
constant quantity 4, we use the method of the preceding Article. 
Let the proposed equation be denoted by /(a)=0, and suppose 
y=x+h; then «=y—h, and the required equation is f(y—h) = 0. 
‘Thus we have only to put —% for & in the result of the preced- 
ing Article, and we obtain the required equation. But in fact 
this is included in the preceding Article; for that Article does 
not require & to be necessarily a positive quantity. 


56. The principal use of the transformation in Art. 54 is to 
obtain from a proposed equation another which wants an as- 
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signed term. Thus if we wish the transformed equation in y to 
be without its second term, we take & such that p,+np,k=0, 


that is, k=-/., If we wish the transformed equation in y 
0 
to be without its third term, we must find & from the quadratic 


equation 
n(n—-1 
p,t+(n—-1) p,k+ & 0. 


And generally, if we wish the transformed equation in y to be 
without its (r+1)™ term, we must find % from an equation of 
the r* degree, namely 

ae eee [7 |n — 9° 

ke? +... +$ === p,=0. 

ray ene tit in p,=0 

We shall see hereafter that the solution of an equation is some- 
times facilitated by first removing some assigned term. 


pK + < pk + 


57. For example, transform the equation x’ — 6a*+42+5=0 
into another without its second term. Here p,=1, p,=—6; thus 
k=2, and the required equation is 


(y + 2)°— 6 (y + 2)?+ 4 (y+ 2)+5=0, 
that is, yf? —8y-3=0. 

Again, transform the equation «*—2a’— 4x2+9=0 into another 
without its third term. Put y+ for x; the transformed equa- 
tion is 

(y+ k)’—2 (y+k)’—4 (y+k)+9=0, 
that is, y°+¥’ (3k—2)+y (38h’— 4k - 4) + -2?-4h+9=0. 

If the third term is to disappear # must be found from the 
equation 34°-4k-4=0; this gives k=2 or —% With the 
value k= 2 the transformed equation is 

of + 4y'?+1=0. 
With the value 4=—4% the transformed equation is 
283 


yy? — 4y* + 97 = 9 
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58, To trangform an equation tnio another the roots of which 
are the reciprocals of the roots of the proposed equation. 

Let f(x) =0 denote the proposed equation, Assume y= : 
so that when x has any particular value, the value of y is the 
reciprocal of that value; thus a and the required equation is 


r() = 0, 
uv 


Thus if f(x) = p.vt+ p+ ps... + petp, the equa- 
tien 7 (;)-0 is 


Poy Fi, * Ps at ~vtei+p,=0, 


voy tg 
that is, = ppy*+ ply t+ py + + py t p= 0. 


59. Te transform an equation into another the robdis of which 
are the squares of the roots of the proposed equation. 


Let (x) =6 denote the proposed equation. Assume y =2", so 
that when x has any particular value the value of y is the square 
of that value: thus x=,/y and the required equation is f(/ y=0, 


Thus if f(x)=p"+p.2"""+ pa" 
tron fWy =Q is 


Pass SF P_.TtP, the equa- 
= = N 
raspy? try? tt Pay +p,=0. 
By transposing and squaring we have 


Late! spy +. ae ( Pepys. RY 


The equation will be in a rational form when both sides are 
developed, and by bringing all the terms to one side we obtain 


Pey"+ (2p.p.—P.) y+ (Qpvpt pS Ip,py y6 2+. = 0. 
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60. These cases of transformation of equations might be 
increased, but we have given sufficient to explain this part of the 
subject. We will conclude with three examples which will illus- 
trate the use of some of the relations established in Art. 45. 


(1) If the roots of the equation «*+ pa’ + qz+r=0 bea, B, c, 
form the equation of which the roots are 


a 5 Cc 


Bee eta ae 


Denote the required equation by 


y+ Pf +Qy+R=0. ¢ 
Then we have, by Art. 45, 
| pac des b 4 


Pg caf Nig ole 
b+ce cta atb’ 
ab be Co 


O= Graera) * @+aj(ard)* @FB) G40)’ 


abe 
eA a ah lat iy’ 


and a+b+c=-p, ob+be+ca=4, abe=-r. 
Thus we may now proceed to express the values of P, Q, and 
R in terms of p, g, andr. For example 


Vi 


f= oeraard)’ 


now by actual multiplication we find 
(b +c) (c +a) (a+b) =(a+b+0) (ab+be +cu) - ade 


=—pPq+T; 


therefore R= cs > 
T—Pq 


Similarly we can express P and Q. 
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But we may evade the trouble of this process by an algebraical 
artifice. We have 


a : a a 


b+e atbt+c-a —p-a 
Thus if y=—s Ty when & takes the value a the value of y is 


i and similarly when a takes the values 6 and ¢ the values of 
: b c 
y are respectively — and Cais 


Thus the required equation will be obtained by eliminating x 


between the proposed equation and y=— aed 
Hence a=-Ty ; and by substituting this value in the pro- 
posed equation we obtain 
. SP Uinaty PY oe) RE ee 
(l+yF” (L+y T4y ; 
or r(lty)! +p y® (1+y)—poy (1 +y)'-p’y’=0, 


that is (r—pq) y* + (3r + p*—2pq)y* + (38r—-pg) y +r =0. 


Hence by this method we arrive indirectly at the values of P, Q, 
and &: we see that 


a b c __ 3r+p'— 29 


me + 
b+e c+a a+b r—pqg ’ 


" ab ous be - ca _ 3r— pg 
(b+c)(c+a) (ct+aj(at+b) (a+b) (+c) r—pq’ 


abe Reeic 
(h+c)(c+a)(w+6) r—pq° 


The last result has already been obtained by direct investiga- 
tion. 
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(2) Required to transform the equation 2° + qxr+r=0 into 
another the roots of which are the squares of the differences of the 
roots of the proposed equation. 

Let a, 6, c denote the roots of the proposed equation; then, by 
Art. 45, 

a+b+c=0, ab + be+ca=9, abe=—7; 
therefore a+b? +c? =— 29. 

The roots of the transformed equation are to be (a—4)’, (b—¢) 

and (a—c)’; now 


2 

2 
2 2 2 2 2 2 2 2 2 2 2abe 

(o— 6)? =a? - 2ab+ BP=a7? +0? +0°-2ab-—C=a° +b +e mae 


2Qr 
_ cee 


2 
thus if y=— 2¢+ a a’, when « takes the value c the value of y 


is (a— 6)’; and similarly when z takes the values a and , the values 
of y are respectively (6 —c)* and (c—a)*. Thus the transformed 


equation will be obtained by eliminating x between the proposed 


2 Qr 
equation and y=—2q + ae x. 


Thus x+qeu+r=0, 
and x? +(2¢+y)a-2r=0; 
therefore (q+ y)«ex-3r=0. 


3r eke : : : 
Hence « ety ; substituting this value in the proposed equation 
1 


and reducing, we have finally 
yf? + bay? + 9q°y + 277? + 49° = 0. 

Thus if 27r?+ 4q’ is positive the transformed equation has a 
real negative root by Art. 20; and therefore the proposed equation 
must have two imaginary roots, since it is only such a pair of roots 
which can produce a negative root in the transformed equation. 

If 277? + 4q° is zero the transformed equation has one root equal 
to zero, and therefore the proposed equation must have two equal 


roots. 
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(3) Required to transform the equation 2° + pa* + gx+r=0 
into another the roots of which are the squares of the differences 
of the roots of the proposed equation. 


Put x= 2’ 5 ; thus the proposed equation becomes 


o_?P : veer : 2) = 
(: e) +p( 4) +a(2 5 +r=0, 


that is, xv+q¢'a+r'=0, 
where g=9-% 


Each root of the last equation exceeds the corresponding root of 
the proposed equation by f ; and thus the squares of the differences 


of the roots of the last equation are the same as the squares of the 
differences of the roots of the proposed equation. Therefore by the 
former example the required equation is 
y® + 6g'y® + Iq" y + 27r? + 49% =0; 

that is, 
(2p* = 9pq + 27r)* + 4(3q—p*)? 
. | oe a 

Hence if a@, d, ¢ are the roots of a°+ pa*+ga+r=0, we see 
that 


y+ 2 (39 — p*) y+ (8q¢—p*)*y + o 


(a—b) + (6-c)? + (c-a)* =— 2 (3¢-p”), 
© (@-0)*(b-c)* + (6-0)* (ec —a)* + (e— a)*(a@—b)* = (3q— p*), 


(a8) (=o) (e-a)* =~ Sf (Rp? —9pq + 274)? + 4 (3q—p")) 


V. DESCARTES’S RULE OF SIGNS. 


61. We have already in Arts, 21...24 given instances of the 
connexion which exists between the signs of the coefficients in SJ (x) 
and the nature of the roots of the equation f(a) = 0, and we now 


proceed to investigate a general theorem on the subject after some 
preliminary definitions, 
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62. When each term of a set of terms has one of the signs + 
and — before it, then in considering the terms in order, a continua- 
tion is said to occur when a sign is the same as the immediately 
preceding sign, and a change is said to occur when a sign is the 
contrary to the immediately preceding sign. Thus in the expres- 
sion x — 3x’ — 4a° + 7a’ + 3a*+ 2° -—a?-a2+1, there are four con- 
tinuations and four changes ; the first continuation occurs at — 42°, 
the second at + 3z*, the third at + 22%, the fourth at — a; the first 
change occurs at — 3x’, the second at + 72°, the third at —2%, the 
fourth at +1. 


It is obvious that in any complete equation the number of 
continuations together with the number of changes is equal to the 
number which expresses the degree of the equation ; see Art. 51. 
And if in any complete equation we put —~ for x, the continuations 
and changes in the original equation become respectively changes 
and continuations in the new equation. In an equation f(a) =0 
which is not complete, the sum of the numbers of the changes of 
f(x) and f(--~) cannot be greater than the degree of the equation; 
because if terms are missing in /(«), although it may happen that 
the number of changes in /(x) or in f(—«) is thus diminished, it 
cannot be increased. 


We shall now enunciate and prove a theorem which is called 
Descartes’s Rule of Signs. 


63. In any equation, complete or incomplete, the number of 
positive roots cannot exceed the number of changes in the signs of 
the coefficients, and in any complete equation the number of negative 
roots cannot exceed the number of continuations in the signs of the 
coefficients. 

We shall first shew that if any polynomial be multiplied by a 
factor «—a there will be at least one more change in the product 
than in the original polynomial. 


Suppose for example that the signs of the terms in the original 
polynomial are ++—---—+-—+--—+. We have to multiply the 
polynomial by a binomial in which the signs of the terms are + -, 
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Then writing down only the signs which occur in the process and 
in the result we have 


+4+—---+-4+--+ 
—-— 
+4+—---+-4+--+ 


—-+4++4+-4+-44+- 
+2-=e+-+-4+- 


A double sign is placed where the sign of any term in the product 
is ambiguous. The following laws will be seen by inspection to 
hold. 


(1) Every group of continuations in the original polynomial 
has a group of the same number of ambiguities corresponding to 
it in the new polynomial. 


(2) In the new polynomial the signs before and after an 
ambiguity or a group of ambiguities are contrary. 


(3) In the new polynomial a change of sign is introduced at 
the end. 


Now in the new polynomial take the most unfavourable case 
and suppose all the ambiguities to be replaced by continuations ; 
by the second law we may then without influencing the number of 
continuations adopt the upper sign for the ambiguities; and thus 
the signs of the original polynomial will be repeated in the new 
polynomial, except that by the third law there is an additional 
change of sign introduced at the end of the new polynomial. Thus 
in the most unfavourable case there is one more change of sign in 
the new polynomial than in the original polynomial. 


If then we suppose the product of all the factors corresponding 
to the negative and imaginary roots of an equation already formed, 
by multiplying by the factor corresponding to each positive root 
we introduce at least one change of sign. Therefore no equation 
can have more positive roots than it has changes of sign, 


To prove the second part of Descartes’s rule of signs we suppose 
the equation complete, and put —y for x; then the original conéi- 
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nuations of sign become changes of sign. And the transformed 
equation cannot have more positive roots than it has changes ; and 
thus there cannot be more negative roots of the original equation 
than the nuwber of continuations of sign in that original equation. 


64. Whether the equation f(x)=0 be complete or not its 
roots are equal in magnitude but contrary in sign to the roots of 
J (— x) =0, that is, the negative roots of f(x) =0 are the positive roots 
of f(—x)=0; and whether the equation be complete or not the 
number of the positive roots of f(—x)=0 cannot exceed the number 
of changes of sign in f(—a). Thus the whole rule of signs may be 
enunciated in the following manner: an equation f(%)=0 cannot 
have more positive roots than f(x) has changes of sign, and cannot 
have more negative roots than f(—) has changes of sign. 


65. For example, take the equation «*+ 32°+5«c—-7=0. 
Here there is one change of sign, and therefore there cannot be 
more than one positive root. And by writing — a for x we obtain 
the equation 2*+3z?—52—-7=0; here there is one change of 
sign, and therefore there cannot be more than one positive root, 
so that the original equation cannot have more than one negative 
root. Thus the original equation cannot have more than two 
real roots. 


In this example we know by Art. 21 that there is one 
positive root, and that there 7s one negative root; and we have 
just ascertained that there cannot be more than one of each. 


Again, consider the equation 2*+qx+r=0, where g and r 
are both positive. Here there is no change of sign, and therefore 
no positive root; this also appears from Art. 24. If we write 
—«x for x, we obtain an equation with one change of sign, so that 
the original equation cannot have more than one negative root, 
and therefore the original equation must have two imaginary 
roots, 


Again, consider the equation 2*-—qx+r=0, where g andr 
are both positive. Here there are two changes of sign, and there- 
fore there cannot be more than two positive roots. If we write 
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—a for w, we obtain an equation with one change of sign, so that 
the original equation cannot have more than one negative root. 


In this example we know by Art. 20 that there ts one nega- 
tive root, and we have just ascertained that there cannot be more 
than one; whether the other two roots are real positive quan- 
tities or imaginary, we cannot infer from Descartes’s rule of signs. 
But from Art. 60 it follows that the equation which has for its 
roots the squares of the differences of the roots of the proposed 
equation is y°— 6gy?+9q°y + 277°—4q°=0; and by Descartes’s 
rule of signs, or by Art. 24, if 27r°-4q° is negative, the last 
equation has no negative root, and therefore the original equation 
no imaginary roots; also if 277°— 4q°* is positive, the last equation 
has a negative root by Art. 20, and therefore the original equation 
must have two imaginary roots, 


66. The student should observe that the results given in 
Art. 24, are all consistent with Descartes’s rule of signs, and 
may all be deduced from it. Also the proposition in Art, 22 is 
included in Descartes’s rule of signs; and we learn from this 
rule that such an equation as that considered in Art. 22 can have 
only one positive root, without repetition ; see Art. 35, 


67. It is shewn in the proof of Descartes’s rule of signs, 
that on multiplying a polynomial by the factor which corresponds 
to a real positive root, one change of sign a¢ least is introduced ; 
it may be observed, that the number of the changes of sign 
introduced must be an odd number. For suppose in the first 
place that the last sign in the original polynomial is +; then 
since the first sign is +, the whole number of changes of sign 
in the original polynomial must be an even number or zero; and 
the sign of the last term of the new polynomial is —, so that 
the number of changes of sign in the new polynomial is an odd 
number. Therefore an odd number of changes of sign must have 
been introduced. Next suppose that the last sign in the original 
polynomial is —, so that the last sign in the new polynomial is + ; 
then there must be an odd number of changes of sign in the 
original polynomial, and an even number of changes of sign in 
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the new polynomial. Therefore an odd number of changes of 
sign must have been introduced. 


68. When all the roots of an equation £(x)=0 are real, the 
number of positive roots is equal to the number of changes of sign 
in £ (x), and the number of negative roots is equal to the number 
of changes of sign in f (—x). 

Let » denote the degree of the equation, m the number of 
positive roots, and m’ the number of negative roots, » the number 
of changes of sign in f(x), and yw’ the number of changes of sign 
in f(—«). Since all the roots of the equation are real m+ m/=n. 
Also m cannot be greater than p, and m’ cannot be-greater than 
pw’, by Art. 63. Therefore p+p’=n, for the sum of p and p’ 
cannot exceed n. Thus m+m'’=p+p’'. And m cannot be greater 
than p; nor can m be less than p, for then m’ would be greater 
than p’, which is impossible. Thus m= p, and m'= p’. 

In this proposition we assume that f(x) has a term in- 
dependent of x, so that the equation f(x)=0 is not satisfied by 
x=(0. <A root zero cannot properly be considered either positive 
or negative. 

If we wish to introduce the consideration of zero roots we may 
proceed thus: suppose the equation to have m positive roots, m’ 
negative roots, and the root zero repeated r times. Then we have 
m+m'+r=n, so that m+m=n-—r. And we can shew that 
+p’ can be neither less nor greater than n-—r; so that 
ptp’=n—r. Then as before m=p and m’ =p’. 


69. Suppose » the number of changes of sign in f(x), and p’ 
the number of changes of sign in f(—x). Then the equation 
J («) =0 cannot have more than p positive roots, and cannot have 
more than p’ negative roots, and therefore cannot have more 
than »p +p’ real roots. Hence if is greater than p+ yp’ the 
equation f(x) =0 must have at least m—p —yp’ imaginary roots. 
In the next two Articles we shall shew more definitely what 
inferences we can draw as to the number of imaginary roots 
of an equation when that equation is not complete. 
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70. If any group consisting of an even number of terms ts 
deficient in any equation there are at least as many tmaginary 
roots of the equation. 

Suppose the 2r terms which might oceur in f(x) between 
x” and 2™-*— to be deficient; then the equation f(z)=0 will 
have at least 2r imaginary roots) Let A and 8 denote the co- 
efficients of 2™ and 2"""~' respectively in j(x), and suppose the 
deficient terms introduced with coefficients ¢,, ¢,, @,)+--} and de- 
note the new function by F(x). Then in the expression 

Ax™ + gx" + 92744 tga + Bre 
the number of changes of sign together with the number of 
continuations of sign is 2r+1; in other words the number of 
changes of sign in this expression, together with the number of 
changes of sign which it would present if the sign of 2 were 
changed, is 2r +1. But now let the hypothetical terms be re 
moved; then if 4 and J are of contrary signs there will be ane 
change of sign for j(x), and no change of sign for /(—2x); and 
if A and B are of the same sign there will be one change of sign 
for #(-—2z) and no change of sign for f(x). Therefore in both 
eases the loss of 2r terms ensures the less of 2 from the sum 
of the number of changes of sign in (x) and in F (— 2), 

And this result holds for every deficient group consisting of 
an even number of terms) Thus there are at least as many 


imaginary roots of the equation 7 (z)=0 as the sum of the nun-_ 


bers of terms in such deficient groups. 


Tl. Jf any group consisting of an odd number of terms is 
deficient in any equation, the equation has ai least one more than 
that number of imaginary roots if the deficient group is between 
two terms of the same sign, and the equation has ai least one 
less than that number of imaginary roots if the dejicient group 
is between two terms of contrary signs. 

Suppose the 2r + 1] terms which might oceur in #(x) between 
x™ and 2™"*~* to be deficient. Let A and B denote the coefficients 
of x" and 2™** in 7(z) respectively; then if 4 and B are of 


i 


the same sign the equation 7 (x) =0 has at least 2r+2 imaginary 3 
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roots; if A and B are of contrary signs the equation f(x) =0 
has at least 2r imaginary roots. 

Suppose the deficient terms introduced with coefficients q,, 7,, 
Y,».+»; and denote the new function by (x), Then in the ex- 
pression 

Ass” + 0 te OF te vee 5,5 ON! + BaF 
the number of changes of sign together with the number of 
continuations of sign is 27+2; or in other words the number 
of changes of sign in this expression, together with the number 
of changes of sign which it would present if the sign of « were 
changed, is 2r +2, But when the hypothetical terms are removed 
there will be no change of sign either for f(x) or f(~a) if A and 
LG have the same sign, and there will be one change of sign for 
J (a) and one change of sign for f(-«) if A and B have contrary 
signs, ‘Therefore the loss of 27+ 1 terms from / (x) ensures the 
loss of 2r + 2, or of 2r, from the sum of the number of changes 
of sign in /’(”) and in /’(—«), according as the deficient group is 
between two terms of the same sign, or of contrary signs. 

And this result holds for every deficient group consisting of 
an odd number of terms; therefore there will be at least as many 
imaginary roots of the equation f(z)=0 as the sum furnished 
by considering the deficient groups. 


mn B 


72. Thus as an example of Art. 71 we see that if a single 
term is deficient any where in f(x) between two terms of the 
same sign, there must be at least two imaginary roots; if a 
single term is deficient between two terms of contrary signs we 
cannot deduce from this fact any inference as to the number 
of imaginary roots, 

It will be observed that when in consequence of the deficiency 
of terms the sum of the number of changes of sign in f(x) and 
J (—#) falls short of the number which expresses the degree of 
the equation f(x) = 0, the difference is always an even number. 
This appears from the examination of the two possible cases in 
Arts. 70 and 71. That is, with the notation of Art. 69, the 
number n-p-—yp’' is always an even number, This might have 
been anticipated from Art. 41. 
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Vl. ON EQUAL ROOTS. 


73. It is sometimes convenient or necessary to know whether 
a proposed equation has equal roots, as we shall see in the course 
of the work. We shall therefore now explain how we can de. 
termine whether an equation has equal roots, and how we can 
remove factors which correspond to the equal roots when they 
exist, and thus reduce the equation to one which has only un- 
equal roots. We have first to prove a property concerning the 
jirst derived function of a given function. 


74.- Let f(x) be any rational integral function of x and f'(x) 
the first derived function; then will 


f' (= 20). FO) — ee 


pre ma 
where a, b, ¢,...k, are the roots real or hetero of the equation 
f(x)=0. 


For let p, be the coefficient of the highest power of x in f(z), 
then we have identically by Art. 33, 


F (2) = p,(w— @) (w=) (@—e)...(@—K). (1) 
Put y+ 2 for w; thus 
Sy +2) = p(y +2—a)(y+2—6)(y+2—c)...(y+2—h); 


expand each side in a series proceeding according to ascending 
powers of z; then the left-hand side becomes by Art. 10, 


SW) +P ef W) p54 


) 
Thus the coefficient of z is /(y), and therefore f(y) must be 
equal to the coefticient of 2 on the right-hand side, that is, to 


p(y —5)(y—¢)-..(y—k) +p,(y-a)(y—e)...(y-h) +..., 
that is, to 


LY) , FY) , FY) Sy) 


y-a@ ins y—b + Sean hye 
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And as it is immaterial what symbol we use for a variable which 
may have any value, we may change y into 2; thus we have 
F(z) , £(@) a ae J (#) 

SF (@)= Bierce pa Teh mu 2 (2) 
The result here obtained is true if among the quantities a, b, c,...h, 
there should occur one or more equal to a, or equal to b,... and 
so on. Suppose that on the whole a occurs exactly r times, 
6 exactly s times, c exactly ¢ times,...; then (1) may be written 


S (@) =p, («— a)" (a —b)*(a—c)'..., 
and (2) may be written 


75. The equation f(x) =0 has or has not equal roots according 
as £ (x) and f’ (x) have or have not a common measure which in- 
wolves X. 


Suppose a, b, c,...k the roots real or imaginary of the equation 


J (x) =0, so that f(a) = p,(x —a){a— 6) (w—c)...(«—k); then 
S (&) =p, (x — 6) (a—c)...(e—k) + p,(a—a)(a—¢)...(a—k) +... 


If a, 6, ¢,...k are all unequal, none of the factors x—a, x— b, 
—c,...«—k will divide f(x), for (2-—a) for example divides 
every term in /’(«), except the first; and no product of any number 
of them will divide f(x). Thus if f(x) has no equal factors f(a) 
and f’(x) have no common measure. Hence if f(x) and /’(x) 
have a common measure the factors of f(x) cannot be all unequal, 
Next suppose that the equation /(«)=0 has equal roots; 
suppose that a occurs r times, that b occurs s times, that ¢ occurs 
t times, and soon. Then 


Lf i” 8 r 8 t 

FH Gap, (e—0)'(@ = Bt (a — 0). jo +e 4 ap 

In this case the factor (w— a)" (x— 6)’ («—c)*... occurs in 

every term of f’(x). Thus if f(x) has equal factors, f(«) and /’ (x) 

have a common measure. Hence if f(x) and /'(x) have no com- 
mon measure f(a”) has no equal factors, 


T. E, 4, 
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76. For example, consider the equation 
F(x) =2* — lla + 4427 — 76x + 48 = 0. 
Here J’ (w) = 408 — 332° + 88x — 76. 
lt will be found that (%) and 7’ (x) have the common measure 
x — 2; this shews that (2—2)* is a factor of f(x). It will be found 
that 
J (@) =(@— 2)? (2? — Tx + 12) = (ew — 2)°(@- 3) (w@- 4); 
thus the roots of the equation /(x)=0 are 2, 2, 3, 4. 
Again, consider the equation 
J (x) = 2a*— 122° + 192°- 62+ 9 = 0. 


Here f(x) and (x) will be found to have the common measure 
x -3; and f(x) =(e -3)*(22°+ 1). Thus the roots of the equation 
- 2 a f 1 i 
J (x) =0 are 3, 3,+ J (-3)» -/ -3)- 

77. In the enunciation of Art 75, the words “ which involves 
x” occur at the end. We mean to indicate by these words that 
we do not regard the factor p,, although that may in a certain 
sense be considered as a common measure of /(x) and 7’ (x). 


As we are here for the first time making an important use 
of common measures of expressions it will be convenient to in- 
troduce a remark on the subject. It is usual to consider the 
theory of common measures and of the greatest common measure 
in works on Algebra; but the theory is not necessary at an early 
stage of mathematical study, and becomes more intelligible after 
the result has been obtained which we have given in Art. 33. 
Let /(x) aud ¢(x) denote two rational integral functions of x; 
then (x) and ¢ (x) may be resolved into factors, so that 


J (®) =p,(@ — a,) (x —a,)(w— @,)..., 
$ (x)= (x —b,) (@- b,) (w@—8,)...3 


and each of the functions can be thus resolved in only one way. 
Hence the function of « of the highest degree which will divide 
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both f(x) and ¢ (x) is the product of all the common factors of 
the first degree in x; and this we may call the greatest common 
measure of f(x) and ¢ (a). 


Here we have taken no notice of p, and q,; but we may if 
we please find their greatest arithmetical common measure if they 
are numbers, or if they are both functions of another quantity, 


as y, we may find the greatest common measure of these functions 
of y. 


78. Suppose f(a) =p,(« — a)"(«—b)(a%—c)’...; then we have 
found in Art. 75 that f(a) and /’(x) have the common measure 
(a= a) (a—b)'(a—c)..... Thus the common measure involves 
all the equal factors which occur in f(x), but the exponent in each 
case is less than the corresponding exponent in f(x) by unity. If 
we divide f(a) by the common measure of /(«) and f” (x), the quotient 
involves all the factors which occur in f(x), each factor occurring 
singly. Thus the equation obtained by putting this quotient equal 
to zero contains without repetition all the roots which the equation 


JS (a) = 0 has. 


79. We see that if the factor («—a)" occurs in f(x) the factor 
(a — a)" occurs in f’ (a) ; so that the equation /’(”)=0 has r—1 roots 
each equal toa. Now,/” (a) is the first derived function of f(x); 
thus if r—1 be greater than unity /’(~) and /”(#) will have a 
common measure, and the equation /”(«) =0 will have 7 — 2 roots 
equal to a, Thus in this way we can shew that if (w—a)’ isa 
factor of f(a) then the derived functions /"(a), f’(a),...f"'(w), all 
vanish when # = a. 


This may also be proved in the following way. 


Let f (x) =(a%—«a)' h(a), where (a) is a rational integral func- 
tion of x which is supposed not to contain the factor «-a; put 
“%=a+2; thus 

Zh (ata=f(a+2) 
w a a 
=f (a) +f'(a)2+...+f" (a) cM we tf" (a) ja 


4—2 
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As the left-hand member of this identity is divisible by 2” the 

right-hand member must be so too. Therefore we must have 
St (a) =9, tS’ (a) =0,......f" (a) =0. 

And as the left-hand member is not divisible by a power of 2 
higher than 2” the right-hand member cannot be, and therefore 
J’ (a) is not zero. Thus the number of terms in the series f(z), 
J (a), f’” (&),... which vanish when « = a, is the same as the exponent 
of e—a in f(a). 

For example, suppose 

S (a) =a? + 2a* + 32° + 7x’? + 8x4 3; 

here it will be found that /”” (a) is the first of the series f(x), 7” (2),... 
which does not vanish when x«=—1; thus the factor (a + 1)* occurs 
in f(x). It will be found that f(x) = (w+ 1)°(a*—a + 3). 

For another example we will investigate the conditions which 
must hold in order that the equation 

e+ ge? +rx+s=0 

may have three equal roots. 

Here J (a) =a + qau*+rx+s, 

J’ (a) = 400° + 2qa +7, 
ST” («) = 12a? + 2¢. 


Hence from f” («) = 0 we obtain 


q 
e=— 6 eee ner ece cee ene ceevencesseesces (1). 
Substitute this value in f(x) =0 and /’(x)=0: thus 
5g? 0 
ag TIES HO eeee ee eee eee (2), 
«(-$429) +r=0 (3) 
Bt 2g) + PHO eer eeeeseeeeeeeens 
From (3) we obtain 
3r 
00 mi SR eatin tut nessa te eee (4), 


or 
(ee) 
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and substituting this in (2) we have 


37° 5 q? 
= 4q — 36 7 0 ee a ce oe oy (5). 
And from (1) and (4) 7? =—- of, (6) 
5) : 
g 
Hence (5) becomes s = — [teeter cet eeteeene (7). 


Thus (6) and (7) express the required conditions. 


Conversely if (6) and (7) be satisfied, it will be found that 
S (x), f (a) and f” («) all vanish when x --7 Z 

80. We will briefly indicate another way in which the test 
for equal roots may be investigated. If the equation f(x) =0 has 
more than one root equal to a, then it follows that if f(x) be 
divided by x—a the quotient will vanish when x=a. Hence by 
taking the form of the quotient given in Art. 7, we must have 

npa"* +(n—1)pa**+...+2ap,_,+p,_,=0; 

that is, f’ (x) vanishes when x = a. 


81. It appears then that when we wish to determine the 
equal roots of an equation /(«)=0, we may begin by finding the 
greatest common measure of f(a) and f’(x); then we equate this 
greatest common measure to zero, and we have an equation to 
solve which has for its roots those roots of the equation /(«)=0 
which are repeated. As this greatest common measure may be 
itself a complex expression, involving repeated factors, it is useful 
to have a systematic process by which the roots may be obtained 
with as little trouble as possible. This we shall now give. 


82. Suppose f(x)=0 to be an equation which has equal 

roots; and let 
ICNP EP EP.OD.S acc. Cage 

where the product of all the factors which occur singly in / (x) 
is denoted by X,, the product of all the factors which occur 
just twice is denoted by X,’, the product of all the factors which 
occur just three times is denoted by X,°, and so on. Any one 
or more of the quantities X,, X,, X,,... will be unity, if there is 
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no factor in (x) which is repeated just the corresponding number 
of times. 

Now form the first derived function /’(x) of f(x), and then 
obtain the greatest common measure of f(x) and /’(z), We will 
denote this greatest common measure by f(x), so that 

SF, (@) =F STS. 
Next obtain the greatest common measure of J,(x) and its first 
derived function /{'(«), and denote it by («), so that 
Fla) = ZO ZO 
Proceed in this way and form in succession 


Saja EAN 


J) St hd payee 


Tete eee meee ee 


oC Xe 


Now form a new series of functions by dividing each term of the 


series f(x), 4 (@), A(2),..4,(@) down to J... (x) by the immediately 
succeeding term. Thus we get 


F (x) 


Feet T= 10) sy, 
A@_ yx : 
Fale) = X.Y, =$,(@) Say, 
ah t) Sesh eevece 


fea X,.. = 4,,(@) say. 
Then finally 


$3 (%) _ x do(z) _ x Dyu—y (%) 


= =e Xs =X, 

dx@) "8 SQ) AP Ge) Tee Pa) = Te. 
Thus the factors X,, X,,...., are now separated, and by solving 
the equations X,=0, Y,=0,....Y,=0, we obtain all the roots of 
the proposed equation (x)= 0; and any root found from X,=0 
occurs r times in the equation /(x) = 0. 
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83. For an example of the process of the preceding Article 
suppose that 


J (@) =a? + x’ — 8a° — 6x° + 21x* + 9u* — 220? — 4a + 8. 


Then retaining the notation of the preceding Article we shall find 


that 
J, (a) = a+ 0° — 3°— a + 2, 


J,(2) =a—-1, 

J,(a) =1, 

, (a) =a*— 5a? + 4, 

, (x) = 02° + 2x? x - 2, 


$,(“)=a2-1, 
X, =“ - 2, 
X, =x + 3x42, 
X,=2-1. 


Therefore f(a) = (a — 2) (x? + 3a +2)? (x - 1) 
= (a — 2) (@+1)? (a+ 2)?(@—-1)% 


Thus the roots of the equation f(x)=0 are 2,—-1, -1, —2, -2, 
l,l. 


84. When the coefficients of an equation are all commen- 
surable quantities the expressions X,, X,,... of Art. 82 have 
likewise all their coefficients commensurable. Hence if one and 
only one of the roots of an equation, with commensurable quanti- 
ties for coefficients, is repeated r times, that root must be a com- 
mensurable quantity; for it will be determined by an equation 
X,=0 which involves no incommensurable quantities. 


Hence we can deduce the following results: 


If an equation of the third degree with commensurable quan- 
tities for coefficients have no commensurable roots it has no equal 
roots, For if an equation of the third degree have equal roots, 
there must be either one root occurring three times, or one root 
occurring twice and another root occurring once; and in either 
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case, as we have just seen, if the coefficients are commensurable 
quantities so also are the roots. 


If an equation of the fourth degree with commensurable quan- 
tities for coefficients have no commensurable roots it cannot have 
either one root occurring four times, or one root occurring three 
times and another root occurring once. If then such an equation 
have equal roots it must have two incommensurable roots each 
repeated twice. Thus if f(x)=0 be the equation f(x) must be a 
perfect square. 


If an equation of the fifth degree with commensurable quan- 
tities for coefficients have no commensurable roots it has no equal 
roots. For it will be found on examining every case which can 
exist that if there be equal roots there must be one or more com- 
mensurable roots. Suppose, for example, that the equation has 
two roots each occurring twice and another root occurring once ; 
then if the coefficients are commensurable quantities the unrepeated 
root must be a commensurable quantity. 


VII. LIMITS OF THE ROOTS OF AN EQUATION. 
SEPARATION OF THE ROOTS. 


85. In the present Chapter we shall first investigate some 
theorems which will shew between what limits ail the real roots 
of any proposed equation must lie; and we shall then consider 
to some extent the possibility of discovering limits between which 
the real roots separately lie. The advantage of such a Chapter 
arises from the fact that the algebraical solution of the general 
equation of any degree above the fourth has not been obtained; and 
as we shall see hereafter, the numerical solution of equations is 
a systematic process based on the supposition that we have some 
knowledge of the approximate values of particular roots. 


It is to be observed that unless anything to the contrary 


is specially stated, the whole of the present Chapter relates to the 
real roots of equations, 
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86. When we say that a certain quantity is a superior limit 
of the positive roots of an equation, we mean that no positive 
root can be greater than that quantity. 


87. The numerically greatest negative coefficient increased by 
writy is a superior limit of the positive roots of an equation which 
is in its simplest form. 


Let f(x)=0 be the equation; suppose it of the n™ degree. 
Let p be the numerically greatest negative coefficient which occurs 
in f(«). Then if such a value be found for « that f(x) is positive 
for that value of x and for all greater values, that value is a 
superior limit of the positive roots of the equation f(x) =0; now 
if any positive value of 2 make 


n—s 


x" —p (a+ a" 74+ a" 94+ ,..+041) 


positive, it will a fortiori make f(x) positive. That is, f(x) is 


n 


Be se ; x" — 
positive for a positive value of a if 2*—p 


i is positive, and 


Sore asd ee oe See 
therefore a fortiori if «*—1l-—p a is positive, that is if 


(a"—1) (1 - 2.) is positive; and the last expression is positive 
aZ- 

if x—1 is greater than yp. Thus f(a) is positive if x is equal to 

p+1 or greater than p+1; that is, p+ 1 is a superior limit of the 


positive roots of the equation / (x) = 0. 


88. In the equation f(~)=0 put —y for a, and if m is an 
odd number change the sign of every term so that the coefficient 
of y” may be +1. Let g be the numerically greatest negative 
coefficient of the equation in this form; then q+1 is a limit of 
the positive values of y, and therefore —(q¢+1) is a limit of the 
negative values of a. 


Hence all the roots of the equation f(x) =0 must lie between 
p+1 and -(¢+1). 


58 LIMITS OF THE ROOTS OF AN EQUATION. 


Hence a fortiori if m be the numerical value of the greatest 
coefficient in an equation without regard to sign, all the roots of 
the equation lie between m +1 and —(m+ 1). 


89. In an equation of the n™ degree in its simplest form of 
p be the numerical value of the greatest negative coefficient, and 
x" the highest power of x which has a negative coefficient, 1 + ./p 
is a superior limit of the positive roots. 


Let f(x) =0 be the proposed equation; since all the terms 
which precede x*~” have positive coefficients f(7) will certainly 
be positive for a positive value of x if 


a p (a+ or + tattaet 1) 
ger 
be positive, that is, if e*—p Sos ES be positive. Hence, sup- 


posing # greater than unity, /(«) will be positive a /ortiori if 
n—r+1 
=Pt1 5 


is positive, that is if x*(«—1)—pe"""*' is positive, that 


eee x-l 
is if a‘ («—1)—>p is positive, that is a fortiort if (e—1)' is equal 
to or greater than p. Hence if «=1+ (/p or any greater value, 
J (a) is positive, that is 1+ </p is a superior limit of the positive 
roots of the equation f(«) = 0. 


90. Lf each negative coefficient be taken positively and divided 
by the sum of all the positive coefficients which precede it, the 
greatest of all the fractions thus formed increased by unity, is 
a superior limit of the positive roots. 


Let the equation be f(x) =0, where f(a) denotes 


nS rams 


Pt + pe" + pyae"*— pa? + pa + ... — pe 


a—r 


tous FD 
Now we have 

w= (a~—1) (a+ a™F+...+et+1) +1; 
let all the terms of the equation with positive coefficients be 


transformed by means of this formula, and let the others remain 
unchanged. Thus f(x) becomes 
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P(e — 1)a" + p,(« —1)a"* + p,(x@—1)a*?+...4+p,(a-1) +p, 
+ p,(%—1)a"-* + p (w—1)a"*+...+p,(a-1) +p, 
+ p,(%—1)a"*+...4+p,(a—-1) +p, 
—p,xe"* 
ire 
Consider now the successive vertical columns of this expression. 
Where there is no negative coefficient the value of the column 
is positive if w is greater than unity. To ensure a positive value 
of the columns in which a negative coefficient occurs we must 
have 
(p, +P, +p,) (w—1) greater than p,, , 


eceeerree 


eeeccesces 


Therefore « must be greater than rst ETE 1,... and greater 
PotPitP, 
than Pr, +1,... Therefore if « be taken equal 


Po +p, + p,t ae +P ey 
to the greatest of the expressions thus obtained, that value of «x, 


or any greater value, will make f(a) positive; that is, the greatest 
of the expressions is a superior limit of the positive roots of the 
equation f(a) =0. 


91. We will now illustrate the rules by two examples. First, 

take the equation 
x’ + 8a* — 142° — 53x? + 56x —- 18 =0. 

By Art. 87 we have 53 +1, that is 54, as a superior limit of 
the positive roots. 

By Art. 89, since n=5 and r=2, we have 1+,/53 as a 
limit, so that 9 is a limit, 

By Art. 90 we have to take the greatest of the following ex- 


: 14 53 18 3 
pressions ; Teeth Tagth arrays 1, that is, we must take 


as 1; so that 7 is a limit. 


60 LIMITS OF THE ROOTS OF AN BHQUATION,. 


Again, take the equation 
a —Sa2*- 13e*4 Qa*se2- 70= 0. 
Here Aris S7 and 89 give 7041 as a limit; and Art. 90 gives 


~~ 


0 : ae 
- 21, ~ that 19 is a limit. 


Thus, in both these examples, Art. 90 supplies us with the 
smallest superior limit. It is easy to see that Art. 89 always 
gives a smaller limit than Art. 87, except when r=1, and then 
the two limits coincide, Art. 89 is advantageous in general when 
several positive coefficients occur before the first negative coeffi- 
cient, so that ¢ is large. Art. 90 always gives a smaller limit than 
Art. ST, except when the greatest negative coeflicient is preceded 
by only one positive coefficient, namely that of the first term, 
and then the two limits coincide, Art. 90 is advantageous in 
general when large positive coefficients occur before the first large 
negative coefficient. 


92. By particular artifices we may frequently obtain a smaller 
superior limit than the general rules supply. 


Consider the first example of the preceding Article. Here 
we have to find a superior limit of the positive roots of /*(«) = 0, 
where / (x) may be written thus, 


14 9 
“yn 3 aye 
a (a®= 53) + Sa ( =) +56 (w - 3) 

now if x be equal to 4, or to any greater number, the expressions 
within the brackets are all positive, and so (@) is positive. Thus 
4 is a superior limit of the positive roots of the equation /(«) = 0. 

Again, consider the second example of the preceding Article, 
Here we may write /(x) thus, 

w*(a” — 5a — 18) + 2a* +a —70; 

now by the aid of Art. 87 we see that 2—5a—13 is vpalliee 
if e=13+1 or any greater number, and obviously 2a° + a—70 
is positive when «= 14 or any greater number. Thus 14 is a 
superior limit of the positive roots of the equation /(«) = 0, 
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93. We may now easily find an inferior limit of the positive 
roots of an equation, that is a number which is not greater than 
any of the positive roots. For transform the proposed equation 
into one whose roots are the reciprocals of the roots of the pro- 
posed equation, and then the reciprocal of the superior limit of the 
positive roots of the transformed equation will be an inferior 
limit of the positive roots of the proposed equation. Thus sup- 
pose the proposed equation to be 


e+ pa" + pa" +...+p _ we+p,=0; 


put = for x, and multiply by y* and divide by p_y so that the 


transformed equation is 


1 
yf + Pat yt 14 + PryyPry4—=0, 


P, OG ee eae 


Let_a superior limit of the positive roots of this equation be found 
by one of the preceding Articles, and denote it by Z; then 


is an inferior limit of the positive roots of the proposed equa- 


L 
tion. Suppose that we use Art. 87; let denote that coefficient 


which is numerically the greatest of the negative coefficients of 
P; 


n 


the transformed equation ; then 1—** is a superior limit of the 


Pa 
P,—P, 
is an inferior limit of the positive roots of the proposed equation. 
Here p, is in fact the numerically greatest among those coefficients 
of the proposed equation which have the contrary sign to the 


positive roots of the transformed equation, and therefore 


sign of p,. 
ete 2 
For example, in the first equation of Art. 91 we have p =—18 
-18 ELS, Pe eels ae 
and p,=56; thus Ts 56? that is 7g 18 an inferior limit of 


the positive roots. 
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94. We will now explain another method of determining 
a superior limit to the positive roots of an equation; this method 
is called Newton's Method. 

Let /(x)=0 denote the equation which is to be considered ; 
put h+y for # and expand f/(4+y) by Art. 10. Thus the equa- 
tion becomes 


Fi) +f W)+ EF") +. Eph) =0. 


Now suppose f/ positive and of such a value that /(h), /’(h), 
ST’ (h),..-+f" (A) are all positive; then no positive value of y can 
satisfy the above equation, But y=a—h, and as y cannot be 
positive, « cannot be greater than 4; thus h is a superior limit 
of the positive roots of the equation f(~)=0. We may observe 
that if the proposed equation is in its simplest form /*(/) is neces- 
sarily positive, being equal to |n. 
95. For example, take the equation 
x° + a — 4a® — 627-7002 + 500=0. 
Here S (h) =h' + h*— 42° 6h?— 700A + 500, 
J (h) = 5A*4+ 4h?-12h?-12h — 700, 


5f"(h) = 10h? + 647-12A - 6, 


= f’" (h) =10h8+ 4h 4, 


a") =5h+1. 

It is convenient to begin with the last function of h and 
ascend regularly. Any positive value of A makes /”” (h) positive; 
h=1 makes /’"(h) positive; h=2 makes f”(h) positive; h=4 
makes /’(h) positive; h=5 makes /(h) positive. Then it will be 
found that h=5 makes all the functions of # positive; and there- 
fore 5 is a superior limit of the positive roots of the proposed 
equation, 

It must be observed, that when according to the method here 
given we begin with the last function and inercase the value 


LIMITS OF THE ROOTS OF AN EQUATION. 63 


of h suitably as we ascend to the other functions, we shall not 
require ever to re-examine the sign of those functions of 4 which 
we have passed. For suppose, for example, we have ascertained 
that a certain value a when put for f renders all the functions 
of h positive up to f’(h). Then put a greater value for h, say 
a+b; and since 


f" (a+b) =f" (a) +8f"(a) + —_ F'Gaae 


and all the terms on the right-hand side are positive by sup- 
position, f” (a+) is positive also. Hence in the preceding ex- 
ample, when it was found that h=5 rendered f(h) positive, it 
was unnecessary to try whether this value of # rendefed the other 
functions of / positive, because the method of proceeding ensured 
this result. 


96. To find the limits of the negative roots of an equation 
J (2)=0 we put —y for x, and then find the limits of the positive 
roots of the transformed equation in y; then these limits, with 
their signs changed, will be limits of the negative roots of the 
proposed equation. 
Take, for example, the equation 
x — Ta*— 150° + 3x°+ 40+48=0; 
put —y for « and we obtain 
y+ Ty*— 157? 3y? + 4y— 48 =0. 


By Art, 90 we have +1, that is 5, as a superior 


48 
1+74+4 


48 
pap 
an inferior limit of the positive roots. Thus the negative roots 

48 


of the proposed equation must lie between — 5 and — BB’ 


limit of the positive roots, and by Art. 93 we have 


97. Having thus shewn how limits may be found between 
which all the real positive roots of an equation must lie, and 
limits between which ali the real negative roots of an equation 
must lie, we proceed to give some theorems with respect to the 


64 LIMITS OF THE ROOTS OF AN EQUATION. 


situation of the roots taken singly or in groups. It will be seen 
hereafter that the complete investigation of this part of the 
subject is involved in Sturm’s Theorem. 


98. If we substitute successively for x in f(x) two quantities 
which include between them an odd number of roots of the eguation 
£(x)=0, we shall obtain results with contrary signs; if we sub- 
stitute successively two quantities which include between them no 
root or an even number of roots we shall obtain results with the 
same sign. 

Suppose A and » two quantities of which A is the greater; 
let a, 6, c,..., &, be all the real roots of the equation (x) = 0 which 
lie between A and »; by Art. 43 we have 

J (2) =(e— 4) (@ — 6) («@—c)...(e— kv @), 
where y() is a function formed of the product of quadratic factors 


which can never change their sign, and of real factors which 
cannot change their sign while x lies between A and wu. 


Substitute successively A and w for x; thus 

FA) =(A—a)(A-8) (Ac)... A-AY (A), 

J (¥) = (#— 4) (ue - ©) (u— 0)... (4A) (x). 
Now all the factors A-a, A—b, A-—c,...A\—&, are positive, and 
all the factors »—a, »—b, w—c,...¢—k, are negative; and w (A) 
and y (uz) have the same sign. Therefore f(A) and /() have the 
same sign or contrary signs, according as the number of the roots 
a, b, c,..., k, is even or odd. 


99. Hence conversely, if two quantities when substituted 
for « in f(x) give results with contrary signs an odd number 
of the roots of the equation f(x)=0 must lie between the two 
quantities ; if they give results with the same sign either no root 
or an even number of roots must lie between the two quantities. 


This result includes that of Art. 19 as a particular case. 


100. It is to be observed that the demonstration in Art. 98 
does not require the roots a, 6, ¢,...,k, to be all unegual; only 


LIMITS OF THE ROOTS OF AN EQUATION. 65 


it must be remembered that a root repeated m times is to be 
counted as m roots. 


We see that if f(A) and f(y) be of the same sign, either no 
root of the equation f(x)=0 lies between A and p, or else an 
even number of roots. Now in the preceding Articles of the 
present Chapter an argument of the following kind has been 
sometimes used ; the value p or any greater value of x makes f(x) 
positive, therefore p» is a superior limit of the positive roots of 
the equation f(z)=0. It must be observed that by the words 
makes f (x) positive, we mean makes f(x) a positive quantity and 
not zero. For example, if f(x) = («—4)’(x—1), then if x is greater 
than unity f(x) cannot become negative; but we must not infer 
that unity is a superior limit of the positive roots, for 4 is.a root. 


If then we only know that f(x) cannot become negative for 
any value of x greater than p, we cannot infer that there is 
no root greater than »; but we may infer that there is either 
mo root or else a root or roots each repeated an even number 
of times. 


101. We shall now investigate an important theorem which 
furnishes relations between the roots of the equation f(x) =0 
aud the roots of the equation f’(x)=0, where /’(x) is the first 
derived function of f(x). The theorem is sometimes called by 
the name of Rolle, who first used it. 


102. A real root of the equation f’(x)=0 hes between every 
adjacent two of the real roots of the equation f(x) = 0. 


Let the real roots of the equation f(~)=0 arranged in de- 
scending order of algebraical magnitude be denoted by a, 3, ¢,...h. 
Let (x) be the product of the quadratic factors corresponding 
to the imaginary roots of the equation f()=0, so that ¢ («) 
cannot change its sign. Then by Art. 43 


f (0) =(a-4)(a—b) (ae)... (eB) (2). 


In this identity put y+z for x; thus 
Sly +2) =(y+2—-4)(y+2-6)(y+2-c)...(y+2z—-kh) b(y+2). 


~ 


T. ¥, 5) 
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Suppose each member of this identity expanded in a series pro- 
ceeding according to ascending powers of z The coeflicient of 
z on the left-hand side will be /’(y); see Art. 10. The coefficient 
of z on the right-hand side will be 


{yay 0) YB Y= My ~ 2) (YB) +5 OL) 
+ (y=a)(y-B)(y 6). (y-B) $Y). 


By equating these coefficients of z, and changing y into a in 
the resulting identity, we have 


f(a) ={(e- 8) (e—e)...(e —k) + (w—a) (a —c)...(e—) + fo) 
+ (x —a) (x —b)(a—c)...(a—k) d(x). 


Now put successively a, 0, c,..., &, for x; the last term on the right- 
hand side of the identity vanishes in every case, and therefore the 
sign of f’(a) is the same as the sign of (a—b)(a—c)...(a—4), the 
sign of f’(d) is the same as the sign of (b—a@)(b—c)...(6—4), the 
sign of f’(c) is the same as the sign of (e—a)(c—6)...(e—h), and 
so on; and these signs are alternately positive and negative, for 
the first expression has no negative factor, the second expression 
has one negative factor, the third expression has two negative 
factors, and so on, Hence by Art. 99 an odd number of the roots 
of the equation f’(#)=0 lies between every adjacent two of the 
roots of the equation f(x) = 0. 


103, The demonstration of the preceding Article implies 
that the roots a, b, c,...%, are all unequal. Suppose however 
that the root a is repeated r times, that the root 6 is repeated 
s times, that the root ¢ is repeated ¢ times, and so on. We shall 
have 


I(x) = (@— a)" —b)'(@ —e)'... b(@), 
Fe) =$(2){r(e—ay"w—by (we)... 9(e—a)'(@ x%—b)*""(x—c)*...+.0. oe 
+ (0=0)"(o=2)' (eo snct ca) 
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Let f,() denote the greatest common measure of f(a) and /"(x), 
that is, let f (a) = (2 — a)"* (a — b)*"(~- c)*1.... Then 


ao = f(x) {re b)(a—c)...+8(x%-a)(a@—c)...+ ot 

+ (a —«a)(« —b)(a—c)...'(@). 
Call this expression / (a); then as before we see that the equa- 
tion # («)=0 has an odd number of roots between a and 0, an 
odd number between 6 and c, and so on. And since we have 
J (x) =f, (x) F (a), whenever F(x) vanishes so also does /’ (a). 
Thus an odd number of the roots of the equation f’(x) =0 lies 
between every adjacent two unequal roots of the equation f(a) = 0. 


With respect to the equal roots of the equation f(x) =0, we 
know that the root a which is repeated 7 times in the equation 
J (x) =9 is repeated r—1 times in the equation f’(x) =0; simi- 
larly the root b which is repeated s times in the equation f(a) =0 
is repeated s—1 times in the equation /’(x) =0: and so on. 

It will be convenient for us to imagine that the r roots equal 
to a of the equation f(z)=0 include r—1 intervals, in each of 
which a root @ occurs of the equation /’(x)=0; and similarly 
for the other repeated roots. With this conception we may 
regard the enunciation of Art. 102 as holding universally, whe- 
ther the roots of the equation f(x) =0 are all unequal or not. 


104. No more than one root of the equation f(%)=0 can 
lie between any adjacent two of the roots of the equation /’ (a) = 0. 
For if there could be more than one there would be a root or 
roots of the equation /’(z)=0 comprised between them, and so 
the two roots of the equation f’ (x) = 0 which were by supposition 
adjacent would not be adjacent. 


And similarly the equation f(x) =0 cannot have more than 
one root greater than the greatest root of the equation /’(a)=0, 
or more than one root less than the least root of the equation 
f'(0)=0. 

If the equation f(x) =0 has all its roots real, so also has the 
equation f/’(x)=0; for the latter equation is of a degree lower 
5-2 
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than the former by unity, and a root of the latter equation exists 
between each adjacent two of the roots of the former equation. 
And generally if the equation /(x)=0 has ‘m real roots the equa- 
tion /’ (x) =0 has certainly m—1 real roots, and may have more. 


105. Since f” (x) is the first derived function of /’(x), the 
equation /”(z)=0 has an odd number of roots between every 
two adjacent roots of the equation /’(x)=0. Thus if the equa- 
tion f(x) =0 has m real roots, the equation j'(x)=0 has at least 
m-—1 real roots, and the equation /”(x)=0 has at least m—-2 
real roots. Proceeding in this way we arrive at the result that 
if the equation /(x)=0 has m real roots, the equation f"(x)=0 
has at least m —7 real roots. 


Hence if the equation /’(z)=0 has » imaginary roots, the 
equation f(x) =0 has at least « imaginary roots. For if the equa- 
tion f(x) =0 had less than » imaginary roots it would have more 
than n—p real roots, supposing m the degree of the equation ; 
thus the equation /’(x)=0 would have more than rn— a—r real 
roots, and as this equation is of the degree n—r it could not 
have so many as # imaginary roots, which is contrary to the 
supposition. 


For example, let f(x) =a*(1-—2)*. 

The equation /(#)=0 has all its roots real, namely, x equal 
to zero, and 2 equal to unity. Hence the equation #*(x)=0 will 
have all its » roots real and all lying between 0 and 1; this 
equation is 

mn+1_ n(m—1)(n+1)(m+2) , 
l iT x + | Z 5) ey a x = sesta 


106. From Art. 105 we may deduce the following simple 
test, which will often indicate the existence of imaginary roots in 
an equation, 


Let p,_1, P,» and p,,, be the coefficients of three consecutive terms 
in f(x), then if p, is less than p,.Piur there must be @ pair of 
imaginary roots in the equation f (x) =0. 
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Take the (n- 7-1)" derived function of f(x) and equate it to 
zero; thus 


re. 2] = nA} 
PX ee ey eae EEE iy x n—r+p,,,jn—r—-1=0. 


r+ 1? 


Pat” for x, and multiply by y’*’, and divide by p,.|n-—r-1; 


thus 


yt 4 AU PNP pe) reerat 
Ng 


se ep eS), 
Pr4i 2: pe 


If the roots of this equation are all real the sum of their syuares 
is positive; and therefore, by Art. 47, 


(n—1)*p, a (n-—r+1)(n-17)p_, 
Peas Pan 


is positive. Therefore 


n-rt+] 
2s “, 
p, is greater than aces Heo 


and a fortiori 


p, is greater than p__,7,,,- 


If then this condition does not hold there must be a pair of 
imaginary roots in the derived equation, and therefore also in the 
original equation. See also Art. 331. 


107. If we know all the real roots of the equation f’(x) =0 
we can determine how many real roots the equation /(x)=0 has. 
For let the roots of the equation /’(x)=0 be a, B, y,-.., &, 
arranged in descending order of algebraical magnitude. Substi- 
tute for x in f(x) successively a, B, y,..., x, and observe the signs 
of the results. Then one root or no root of the equation f(x) =0 
lies between any adjacent two substituted values, according as 
the corresponding results have contrary signs or the same sign. 
This follows from Arts. 98 and 104. 
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The equation f(x)=0 has one root algebraically greater than 
a, or none, according as f(a) is negative or positive; and it has 
one root algebraically less than « if the equation be of an even 
degree and f(x) be negative, or if the equation be of an odd degree 
and f(x) be positive, otherwise not. See Arts. 98 and 104. 


Hence the number of real roots of the equation f(x)=0 will 
be the same as the number of changes of sign in the series ob- 
tained by substituting +0, a, B, y,...x, —«©, for x in f(x) suc 
cessively. If however f(x) vanishes when any of the substitutions 
are made, it indicates that the equation f(2)=0 has egual roots, 
and the number of these may be discovered by Chap. VI. 


108. As an example we will investigate the conditions that 
the equation «*—ga+7=0 may have all its roots possible, sup- 
posing q a positive quantity. Here /’(x)=32*~—g, so that the 


roots of the equation f’(x)=0 are + as (2) ; let a=+ we (3) 


toe sine ()h-a(Q)era-a(9) 


129--(Qoa eras or 


-\ 2 3 

First suppose 8 greater than (§) ; then if r be positive 

J (a) and f(f) are both positive, and the equation /(x)=0 has only 
one real root, which is algebraically less than 8; if 7 be negative 
J (a) and /(8) are both negative, and the equation /(x)=0 has 


only one real root, which is greater than a. 


2 3 
f (B) is positive, and the equation /(x)=0 has three real roots, 
namely one greater than a, one between a and 8, and one algebrai- 
cally less than £. 


2 3 
Next suppose G) less than (3) ; then f(a) is negative and 
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109. A method of discovering the situation of the real roots 
of an equation was indicated by Waring, and reproduced by 
Lagrange, which we shall now explain; it is called Waring’s 
Method of separating the Roots. 


Let us suppose that the equal roots of an equation, if it has 
any, have been discovered and the corresponding factors removed, 
so that we have to deal with an equation which has only unequal 
roots. Let f(x)=0 represent this equation. Suppose & to be 
a quantity which is less than the difference of any two roots, 
and let s be a superior limit to the positive roots. Substitute 
for x in f(x) successively s, s—k, s — 2k, s—3k,... and so on down 
to a quantity which is algebraically less than the least root which 
the equation can have; and observe the series of the signs of 
the results. Then when a change of sign occurs one root exists 
between the two corresponding substituted values, and when 
there is a continuation of sign no root exists in that interval. 
For since & is less than the difference of any two of the roots 
we are sure that more than one root cannot occur in each in- 
terval. 


We have then to consider how the quantity k may be de- 
termined. Suppose that the equation has been formed which 
has for its roots the squares of the differences of the roots of 
the proposed equation, and that an inferior limit of the positive 
roots of this equation has been found; denote this by 6. Then 
,/6 is a suitable value for &. 


We have already in Art. 60 given an example of the con- 
struction of an equation which has for its roots the squares of 
the differences of the roots of a proposed equation, and we shall 
hereafter consider the question generally: see Chapter xx. It 
will then be found that on account of the complexity of the result 
obtained, Waring’s method of separating the roots of a proposed 
equation is generally useless in practice for equations of a degree 
higher than the third, although theoretically it attains its proposed 
object. 


“I 


a LIMITS OF THE ROOTS OF AN EQUATION. 


110, As an example of Waring’s method take the equation 
a — 3a°- 42+13=0. 
By Art. 60 the equation which has for its roots the squares of 
the differences of the roots of the proposed equation is 


y>— 42y?+ 441y—49 =0. 
Put y= 2 thus 492°— 4412?+ 422 --1=0, 


1 
that is, 492°(z—9) + 42 (= -p)= 0; 


thus 9 is-a superior limit to the values of 2, and therefore 


co] 
hh 


1 a 
an inferior limit to the values of y. Hence Ji 9° that is, 3° 
less than the difference of any two roots of the proposed equa- 
tion. 

Now 4+1, that is 5, is a superior limit of the positive roots 


of the proposed equation, by Art. 87. And —(1+ 4/13) is nume- 
rically a superior limit to the negative roots, by Arts. 96 and 89. 
Thus all the roots of the proposed equation lie between 5 and — 5. 
By substituting in succession for x the values 5, 5-2, 5-3... 
it will be found that one root lies between 3 and 23, one root 
between 25 and. 23, and one root between —2 and — 22. 


111. We will conclude this Chapter with a proposition which 
may serve as an example of some of the principles already esta- 
blished. In the equation f(x) = 0, 


where J (%) = pye"+ pw" "+... +"-7, 
if q is the numerical value of the anes greatest coefficient, 
and 7 is positive and less than Sady? there is a real positive root 
less than 2r. 
When x is zero f(x) is negative. Now a positive value of x 
will make /(«) positive, a fortiori, if it make 
e—r—g(x"+ a+... +a°+ 2") 


wal 


{Ere 


positive, that is, if it make x — r— qa? positive, 
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Hence a fortiori f(x) is positive if x is less than unity and 
(1—«)(x-7r)—qza’ is positive. Now put 2r for « in the last ex- 
pression and it becomes r{1—2r—4gr}, and this is positive be- 
cause by supposition 7(2+4q) is less than unity. Thus f(z) is 
positive when «=2r; and f(a) is negative when x=0; therefore 
a root of the equation f(x) =0 lies between 0 and 2r. 


In like manner if the last term in f(x) is r instead of —r and 


7 is positive and less than 


ew the equation f(x) = 0 has a root 


between 0 and — 2r. 


& 


Vill. COMMENSURABLE ROOTS. 


112. By a commensurable root is meant a root which can be 
expressed exactly in a finite form, whole or fractional ; so that it 
involves no irrational quantities. We shall now shew that when 
the coefficients of an equation are rational numbers, whole or frac- 
tional, the commensurable roots of the equation can easily be 
found. 


We have seen in Art. 53 that if the coefficients of an equation 
are rational but not all integers, we can transform the equation 
into another which has all its coefficients integers and the coeffi- 
cient of its first term unity. We may therefore confine ourselves 
to equations of the latter form ; and we shall first shew that equa- 
tions of that form cannot have rational fractional roots. 


113. Uf the coefficients of an equation are whole numbers, 
and the coefficient of its first term unity, the equation cannot 
have a rational fractional root. 


Let the equation be 
e+e +p +... +p, +p e+p, =0, 
and if possible suppose it to have a rational fractional root which 


in its lowest terms is expressed by e- Substitute this value for a, 


and multiply all through by 6"~’; thus 


74 COMMENSURABLE ROOTS. 


+ +pa"'+pa"*b+...+p,_ wb"? +p _.ab**+p b*"=0, 


and therefore 


= ; =p" "+p,a"*b+...+p,_ vb" *+p,_ab*+p 0. 


The last result is impossible because the right-hand member of 
the equation is an imteger, and the left-hand member is not an 


integer. Therefore - cannot be a root of the proposed equation. 

114. Thus we are only concerned with the investigation of 
integral commensurable roots, and we shall now explain the method 
by which they may be found. The method is sometimes called 
the Method of divisors, and sometimes Vewton’s Method. 


Let the equation be 


a—2 


+ pa + per +...+p +p «e+p =0, 


and suppose a an integral root. Then substituting and writing 
the terms in the reverse order we have 

Pi, t+ Pi, UP, +... +p,a" *+pa*"*+a"=0, 
and therefore by division by a 


ver 
gt Pani + Pao t+ +++ + Pv + Pa 


fs must be an integer; denote it by g, and divide 


Hence 
again by a; thus 
1+? 
pesererami es a + pe 


Hence 


% 2 “=! must be an integer; denote it by g, and divide 


again by a, and we shall find that bo fas 


must be an integer. 
Proceeding in this way after dividing m times by a we shall arrive 


at a result denoted by 4 ee aa eco wees | = (f), 
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Hence the following conditions are necessary in order that the 
integer a may be a root of the equation f(x) =0. 


The last term of the equation must be divisible by a. Add to 
the quotient thus obtained the coefficient of « in the equation; 
the sum must be divisible by a. Add to the quotient thus ob- 
tained the coefficient of x in the equation; the sum must be 
divisible by a. Proceed in this way until n—1 divisions have 
been effected, add to the quotient the coefficient of ~~’; the sum 
must be divisible by a and the quotient must be —1. 


If at any step the required condition is not satisfied the inte- 
ger @ is not a root. ‘< 


115. We have in the preceding Article found the conditions 
which are necessary in order that the integer a may be a root of 
the equation /(x)=0; it is easy to see that if the last of these con- 
ditions is satisfied the integer a is a root. For that last con- 
dition may be expressed thus ; 

Puy Poor, Carte ti, fief, 
a a a 


a 


a 


and if this is true we see by multiplying by a” that a is a root of 
(x) = 0. 

In order then to find all the commensurable roots of an equa- 
tion we have only to determine all the divisors of the last term, 
and try whether they satisfy the conditions of Art. 114. The 
labour will often be lessened by first finding positive and negative 
limits of the roots, because of course no integer need be tried which 
does not fall within these limits, 


116. For an example take the equation 
x’ — 32° -8a-10=0. 
Here 1+10 is a superior limit of the positive roots, by Art. 87 ; 


and by writing —y for « we obtain the equation 


y+ 8y(1 = +10=0, 
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for which 3 is a superior limit of the positive roots. Hence al! 
the roots of the proposed equation lie between 11 and—3. The 
divisors of —10 which fall between these limits are 10, 5, 2, 1, —1, 
—2; and we proceed to try if any of these numbers are roots. 


+10 + © +2 + 1 = 1 =—2 
- 1-2 —5 -10 10 5 


—- 9 -10 -13 -18 2 -3 
- 2 -18 —- 2 
- 5 —-21 - 5 
- 1 —21 + 5 


In the first line all the divisors of the last term are written 
which it is necessary to try, and beneath each divisor the results 
are placed which arise from carrying on the trial with that divisor. 
Thus taking the divisor 10, we first divide the last term —10 by 
it, and set down the quotient —1; then we add this to the coef- 
licient of « which is —8, and set down the sum —9; this is not 
divisible by 10, so that 10 is not a root. With respect to 5 all 
the conditions are fulfilled, so that 5 is a root. With respect 
to +2 and —2 we arrive at points where exact division is not 
possible, so that these numbers are not roots. With respect to +1 
and —1 the final condition is not satisfied, so that these numbers 
are not roots. 


Thus the only commensurable root is 5; and denoting the 
equation by /(x)=0, we know that «—5 is a factor of f(z). The 
other factor will be found to be a? + 2a+4 2. 


For another example take the equation 
x? + dat + a® — 162° — 202-16 =0. 
It will be found that the commensurable roots are 2, —2, 


and —4, 


117. It is usual to omit +1 and —1 from the divisors to be 
tried, as it is simpler to test whether these values are roots by 
substituting them for « in the given equation, 
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If any powers of x are missing from the proposed equation 
they should be supposed to be introduced with zero coefficients ; 
see Art. 51. 


When we have ascertained by the method here exemplified 
that certain numbers a, 6, c,..., are the only commensurable roots 
of an equation f(x) =0, it still remains to determine whether any 
of these roots are repeated. We may divide f(x) by the product 
(x — a) (« —b)(a—c)... and denoting the quotient by ¢(a) we may 
apply the method to the equation ¢(x)=0, and thus determine 
whether any of the quantities a, 6, c,... are roots of this equation. 
Proceeding in this way we shall determine the repeated roots of 
the equation f(x) =0, and how often each root is repéated. 


Or we may apply the test of equal roots found in Chapter v1. 
to the equation f(x) =0. 


118. Suppose that instead of taking an equation, with unity 
for the coefficient of the first term, as in Art. 114, we take an 
equation with any integer p, for the coefficient of the first term. 
The only difference in the resulting conditions is that the last 
quotient must be —p, and not —1. Suppose for example 

2a°— 120°+ 13a -—15=0. 
Here - +1 is a superior limit of the positive roots by Art. 87, 
and there is no negative root by Art. 24, and by trial we see that 
1 is not a root; thus the only divisors of the last term to be 
used are 5 and 3. The process being arranged as before we 


have 
5 3 
= 3 —5 
10 8 
2 
-—10 
— 2 


Thus 5 is a root, for all the conditions are satisfied, the last 
quotient being — 2; and 3 is not a root, because 8 is not divisible 
hy 3. 
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It must be remembered that if the coefficient of the first term 
is not unity the equation may have a commensurable fractional 
root; see Art. 113. 


119. The number of divisors of the last term which it is 
necessary to try may sometimes be diminished by the following 
principle. Suppose a a root of the equation f(«)=0; for x put 
m+y, then a—m is a value of y which satisfies the equation 
f(m+y)=0. The term independent of y in this equation is /(m), 
and all the coefficients of y are integers, if the coefficients in 
J(«) are integers and m also an integer; see Art. 10. Thus if 
a be an integer a—m is an integer and must therefore divide 
f(m) by Art. 114. Thus any integer @ which divides the last 
term of f(x) is to be rejected if a—m does not divide f(m). 


Here m may be any integer positive or negative; the values 
+1 and —1 are advantageous from the ease with which /(m) 
can then be calculated. 


Take for example the second equation given in Art. 116; here 
4 divides the last term, but 4+ 1 does not divide f(—1) which is 
—9; thus 4 cannot be a root of the proposed equation. 


Again, take the example a*— 20xz°+164~%—400=0. This 
equation has no negative root by Art. 24; and by writing it 
in the form «’(#— 20) +164 (e- 1 » we see that 20 is a 
superior limit of the positive roots. The positive divisors of 
the last term which are less than 20 are 2, 4, 5,8,10,and 16. Of 
these 5, 8, and 10 are not roots; for #(1)=— 255, and this is 
not divisible by 5—1, or by 8-1, or by 10-1. Thus the only 
divisors of the last term which remain for trial are 2, 4, and 16; 
it will be found that 4 is a root. 


120. As an example of a rational fractional root, consider 
the equation 4a*— 1la’+ 7a-6 =0, that is, 
11 TOURS 


teen eS 2 ae eet 
x gutqe 39: 
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First, put x= g, in order to transform the equation into one 


with integral coefficients; see Art. 53. Thus 
y*— 1ly’+ 14y—24=0, 
that is, y+ Oy?— lly? + l4y- 24=0. 


By Arts. 89 and 96 all the roots of this equation must lie 
between 1+,/24 and —(1+,/24); and we see by trial that +1 
and —1 are not roots. Thus the only divisors of the last term 
to be tried are 4, 3, 2, -2, -3,-4. Also f(1) =— 20, and this is 
not divisible by 4-1 or by -2—1; thus the numbers 4 and 
—2 may be rejected. The process being arranged as before we 
have 

3 2 -3 - 4 
—~8 -12 8 6 
6 2 22. 920 


2 1 — 5 
—-9 —10 —16 
—3 — 5 4 
—3 4 
-1 = Il 
Thus 3 and — 4 are roots; and since a=", we have 5 and —2 


as roots of the original equation. 


IX. OF THE DEPRESSION OF EQUATIONS. 


121. In the present Chapter we shall shew how the solution 
of an equation may be made to depend upon the solution of an 
equation of lower degree, in certain cases where known relations 
subsist among the roots; this process is called the depression of 
equations. 


122. When two equations have a root or roots in common, 
it is required to determine the root or roots. 
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Suppose the equations f(x)=0 and F(x) =0 to have a com- 
mon root a; then f(x) and #'(x) have the common factor x — a. 
Hence the greatest common measure of f(x) and F(x) must 
have «—a as a factor. Similarly every factor common, to f(x) 
and F(a) will be a factor of their greatest common measure, and 
no other factors will occur in the greatest common measure. 


Hence, if we find the greatest common measure of f(x) and 
F(a), and equate it to zero, the roots of this equation will coincide 
with the required roots which are common to the equations 
Fi (@)=90 and F(x) =0. 


If any factor is repeated in f(x) and F(x) it will also be 
repeated in their greatest common measure. 
123. Suppose, for example, we have the two equations 
a+ 3a°— 5a°- 62-8 =0 
and «*+ a°— 9x°+ 10%-8=0. 


The greatest common measure of the expressions which form 
the left-hand members of these equations is a+ 2a—8; and if 
this be put equal to zero we obtain x=—4, or e=2. Thus 2 
and — 4 are the roots common to the two equations. 


124. Suppose we know that there exists between a@ and 8, 
two roots of the equation /(«)=0, the relation pa+qb=r; it is 
required to determine these roots. 


Since a@ and 6 are roots of the equation f/(x)=0, we have 


f(a) =0, and f(b)=0; but 6="—”", therefore f (—™ er 
q 


Thus a is a common root of the equations /(x)=0 and f (=) = 0, 
4 


Hence a may be found by the preceding Article. Thus a is 
known and then 6 from the relation pa+gqb=r. Hence f (x) 
may be divided by the product of the factors a—a and x—b; 
and if the quotient be equated to zero we obtain an equation 
for determining the remaining roots of the equation (x) = 0. 
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125. Suppose, for example, that we have the equation 
eo baer A Vet = Tot 10'S OR: scl eves (1), 


and that it is known that two of its roots a and 0 are connected 
by the relation 6=2a+ 1. 


Substitute 2+1 for x in (1); thus 
(2a +1)*—7 (204+ 1)*+11 (2%+1)?-7 (241) +10=0, 
that is 16a* — 240° - 16x°-42+8=0, 
or hal 6a? — Aa? = 6 Jp 0 ooo ccc ececb ese snessoabe (2). 
The greatest common measure of the left-hand) members of 
(1) and (2) will be found to be x—-2. Thus a=2, and therefore 


6=5; that is, 2 and 5 are two of the roots of the proposed equa- 
tion. Then it will be found that 


a — Ta? + lla’ — 7x +10 = (x — 2) (x — 5) (a+ 1), 
so that the other roots are + ,/(—1). 
126. It may happen that another pair of roots a and B is 
subject to the same condition pa+g@8=r. In this case the ex- 


pressions f(x) and f a) will have for their greatest common 


measure an expression of the second degree in x which will in- 
volve the factors «—a and x—a. 


If the roots a and 6 are both repeated in the equation f(a) = 0, 
the factor x—a will be repeated in the greatest common measure 


of f(a) and r(° ak 


127. Generally suppose that two roots a and 6 of the equa- 
tion f(*)=0 are connected by the relation 6=¢(a). Then the 
equations f(x)=0 and f{¢(x)}=0 have a common root, namely 
a, and we may determine this common root by Art. 122. 


128. There is a case in which the method of Arts, 124 and 
126 does not assist us in solving a proposed equation. Suppose, 


TE 6 
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for example, we have an equation f(«)=0, and it is known that 
the roots of this equation occur in pairs, and that each pair of 
roots a and 6 satisfies the relation a+b=2r. Then according 
to Art. 124 we should proceed to investigate the common roots 
of the equations f(x)=0 and f(2r—ax)=0. But these equations 
will be found to coincide completely ; for by supposition f(a) = 0, 
that is, f(2r—6) =0, and f(6)=0, that is, f(2r—a)=0, so that 
the roots a and 6 are common to the two equations. Similarly 
every other pair of roots is common to the two equations, and 
so the two equations must coincide. 


129, There are various ways in which we may depress the 
equation in the case considered in the preceding Article; we 
will explain two of them as they furnish exercises on the subject 
of the present Chapter. 


I. We may proceed thus. Assume a—6= 22, so that we 
have simultaneously 


J(a@)=0, a+b=2r, a—b= 22. 


From the second and third of these equations a=z+r. Substitute 
in the first equation, so that f(z+7)=0. From this equation 
values of must be found, and then corresponding values of a and 
6. It is easy to shew that the equation /(r+z)=0 only involves 
even powers of z, and so if we regard 2° as the unknown quantity 
the degree of this equation will be half the degree of the proposed 
equation. For let a and 6 be one pair of roots of the proposed 
equation, a and £ another pair, and so on; then 


J (x) = (a — a) (a -~ 6) (w@ — a) (a — 8) ... 
S(@tr)=(2+r—-a)(2+r—b)(2+7—-0)(2+r—- 8)... 


(8th a\(o+ 2 Gees, ee 
-Se-D) 


that is, /(2+ 7) involves only even powers of 2 
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In fact, as no distinction in theory exists between the roots 

a and b, it might have been expected that an equation which 

should be constructed to have as for a root would also have 
i — 

2 


a ; 
as a root; and such is the case.. 


II. We may also proceed thus. Assume z=oab. Then 
(x —a)(a—b) =a? —(a+b)2+ab=2° —-Qra+z. 


Hence if z be suitably determined, x’—2ra+z will be a factor 
of f(x). Perform the process of dividing f(x) by a-2ra+z 
until the remainder takes the form Px+Q, where P and Q are 
functions of z, but do not contain ~ Hence the necessary and 
sufficient conditions for «’—2ra+z being a factor of f(«) are 
P=0 and Q=0. Find by Art. 122 a value of z which will 
satisfy both these equations ; then find a and b from 


a+6=2r and z=ab., 


130. Suppose we know that between three roots a, 6, ¢ of 
the equation f(z)=0, the relation pa+gqb+rce=s exists; it is 
required to determine these roots. 


Since a, b, and ¢ are roots of the equation f(a) =0, we have 


\ f(a) =0, f()=0, f(c)=0. Thus 
f(a)=0, f(0)=0, fF “=m - 0. 


Suppose b eliminated between the last two equations ; we thus 
obtain an equation which we may denote by ¢(a)=0. Thus the 
equations f(x)=0, and ¢(«#)=0 have a common root a, and this 
may be found by Art. 122. 


131. We will here give a few miscellaneous examples con- 
nected with the suljject of the present Chapter. 


6—2 
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(1) It is required to determine the roots of the equation 


n—2 


a" + px" '+ pe"? +...+p,=0, 
which are all in arithmetical progression. 
Denote them by a, a+}, a+ 26,...... 
By Art. 47, 
—p,=a+ (a+b)+ (a+ 2b) +... +(@+n-10), 
p2— 2p, =a? + (a+b)? + (at 26)?+... (at n—16)*. 


That is, —p,=na ae b, 
n(n —1)(2n-1) Ps 


Pp, — 2p,=na’+n(n—1)ab+ 6 
see Algebra, Chapter xxx. 


By squaring the first result and subtracting it from times 
the second we obtain 
n* (n® —1) BP 
12 > 


thus 6 is known, and then a can be found. 


(n—1) p,*— 2np, = 


(2) The equation a*+ 3a°—122°— 48x%—64=0 has two roots 
which are equal in magnitude and of opposite signs ; find them. 


Here the equation obtained by changing the sign of a will have 
a root in common with the proposed equation. That is, the 
proposed equation has a root in common with the equation 


x — 3x°—120°+ 48x —64=0, 


Then by Art. 122 we may proceed to find the greatest common 
measure of the left-hand members of these equations. Or thus; 
by subtraction, 

62°—~ 96a =0 3 


therefore either x =0, or else a2?=16. 


The former does not give a root; the latter gives x=+4 3 and 
+4 and —4 are roots of the proposed equation. 
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(3) The equation 3a*~— 19”*+ 9a?—19%+6=0 has two roots 
the product of which is 2; find them. 


ae 
Suppose y to denote one root; then i is another; hence 
4 


By — 194 + 94% —194 + 6. =Oveecscsesseeees (1); 


and 3 ( (=)'-19(2)'+ +9( (-) -19 (7) +6=0, 


that is, 6y*— 38y’ + 36y’— 152y + 48 =0, 
or 3y*—19y°+ 187?— 76y+ 24=0......... (2). 
The greatest common measure of the left-hand members of 


(1) and (2) is 3y’-19y +6; and putting this equal to zero we 
obtain y=4, or y=6. Thus } and 6 are the required roots. 


xX. RECIPROCAL EQUATIONS. 


132. A reciprocal equation is one which is not changed 
when the unknown quantity is changed into its reciprocal. 
Hence if a be a root of such an equation, the reciprocal of a, 


‘ee : 
that is, a? 8 also a root. We shall see that the solution of a 


reciprocal equation may be made to depend on the solution of 
an equation of not higher than half the degree of the proposed 
equation. We shall first determine the relations which must hold 
among the coefficients of an equation in order that it may be a 
reciprocal equation, and shall then shew how the equation may 
be depressed and so rendered easier of solution. 


133. To find the conditions that a proposed equation may be 
@ reciprocal equation. 


Let the equation be 
a+ pc + p+ +P, ft + p,_\% +p, =9..-(1), 


Change x into ep then multiply by x" and divide by p,, and 
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re-arrange the terms; thus we have 


gt Pat gt} eee re SP ee a +P + = 0...(2). 
In order that (2) may coincide with (1), the coefficients of 
the same powers of « must be coincident ; thus 
PAA P Ps Fe, As 


Teeae eer Pam ? Pai? Pp? 


from the last equation we have p,’=1, therefore p, =+1, or —1, 
and this gives rise to two classes of reciprocal equations. 


I. Suppose p,=1; then we obtain 


Pie Peo Rae Pe Pg ee aa 
Thus an equation is a reciprocal equation when the coefficients of 
the terms equidistant from the first and last are equal. 


II. Suppose py,=—1; then we obtain 
ESF UD Vay (ae + Pegs > Ped wnt eRe te 


In this case if the equation is of an even degree, we have among 
the above series of conditions p,=—p,,, where m=4n, and this 
is impossible unless p,=0. Thus an equation is a reciprocal 
equation when the coefficients of terms equidistant from the 
beginning and end are equal in magnitude and of contrary signs ; 
with the condition that if the equation is of an even degree 
the coefficient of the middle term is zero. 


134. A reciprocal equation of the first class of an odd degree 
has a root —1, as is obvious by inspection. Thus if f(«)=0 
denote the equation, f(x) is divisible by «+1; see Art. 6. Let 
(x) be the quotient, then ¢ (x) =0 will be a reciprocal equation 
of an even degree with its last term positive. 


A reciprocal equation of the second class of an odd degree has 
a root +1, as is obvious by inspection. Thus if f(~)=0 denote 
the equation, f(s) is divisible by e—1; see Art. 6. Let (x) be 
the quotient, then ¢(~)=0 will be a reciprocal equation of an 
even degree with its last term positive. 


- ——— 
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A reciprocal equation of the second class of an even degree 
has a root +1, and a root —1, as is obvious by inspection. 
Thus, if f(«)=0 denote the equation, f(a) is divisible by a’—1; 
see Art. 36. Let (a) be the quotient, then ¢(x)=0 will be a 
reciprocal equation of an even degree with its last term positive. 


. 135. The statements made in the preceding Article respect- 
ing the results of certain divisions will probably be admitted as 
obvious. But it is easy to give formal proofs. Consider the 
last case, that of a reciprocal equation of the second class of an 
even degree. Suppose /(x)=0 to represent the equation; then 


we know that f(x) is such that f(x) =—a"°f (:), and we know 


that f(x) is divisible by x*—1; we wish to prove that the quotient 
is a function which has the coefficients of the terms equidistant 
from the first and last equal. 


We have f(x) =— a" (;) F 


x 
therefore aN eo aC 


. x). 
And this shews the truth of the statement, since 7 is what we 


ue 


: Wi ahhe 
obtain when we change «x into = it ia a 


136. It follows from Art. 134 that any reciprocal equation 
is either of an even degree with its last term positive, or may 
be depressed to this form. We may then consider this as the 
standard form of a reciprocal equation, and we shall now shew 
that such an equation may be depressed to one of half its degree. 


The fact that a reciprocal equation could be thus: depressed 
was noticed by De Moivre in 1718: see his Doctrine of Chances, 
first edition, page 113. 
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137. Jt is required to depress a reciprocal equation which 
is of an even degree with its last term positive. 


Let the equation be a”"+ p,0°""' + pa" °+...+-p,0°+p,x2+1=0. 


Divide by «” and collect the terms in pairs which are equidistant 
from the beginning and end; thus 


1 Pas 1 aa 1 
a+ +p, (2 + ct) + Pa (2 ta) +. = 0, 


1 
Now assume x + ows then 


Cee meee ee eee res Coens wer eerene 


1 1 


ul F : 
so that we can express 7?*! + zPri a8 & rational function of y of 


the degree p+1. Hence by substitution in the above equation 
we obtain an equation in y of the degree m. Then from each 
value of y we deduce two corresponding values of # from the equa- 
tion a2°— ye+1=0. 


138. The general relation in the preceding Article may be 
thus expressed ; 


1 1 > ] 


This shews that we may regard the quantities 


ire Pc. ot : 
- =, P+, 
a’ gt’ oe’ 


as forming a recurring series in which the scale of relation is 
1-y+1; see Algebra, Chapter xt1x. We shall hereafter give 


: , Le 
in Chapter xxI. a general expression for a + jp in terms of y. 
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139, For an example of a reciprocal equation take the equation 
Qa? + 2° -13e*+132°—-2% -2=0. 


Here +1 and —1 are roots by inspection; and we can therefore 
divide the left-hand member by x’—1. Thus we obtain 


2at+a°—lla’+xe+2=0; 


Peel 1 11 
2 — _ eS = — 
therefore x pat 5(2+2) 9 0. 
1 
Put e+" =y; thus 
orn el / 
y 245 7 = 9% 
15 
or y+ h— 3 =05 


therefore y =? or — 3. 


= 1 
Hence x+—= or ©+—-=-—3; 
we x 


9” 
1 1 


therefore x=2 or 3 5 (23 ./5). 


140. The following equation may be transformed into a re- 
ciprocal equation : 


CD + pe + ot Det Digg 


m—2 2 


+...+p,c" “e' + pic" 'x+e"=0. 


1 2,,m—2 
a2 Vhmae aw 


For assume «=~ ,/c, and divide by c”; we thus obtain a reciprocal 
equation in z of the standard form. 
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141. An equation of the form x"— A =0 where 4 is a known 
quantity is called a binomial equation. 


The roots of this equation are all different because the first 
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derived function of "—A is nx}, and no value of x will make 
x"—A and nz" vanish simultaneously ; see Art. 75. 


142. If w"—A=0 we have x=%/A; that is, « is equal to 
an n® root of A. But the equation «*—A=0 has m roots by 
Art. 33, and these roots are all different by Art. 141. Hence 
we obtain the following important result, any algebraical quantity 
has nu different n™ roots. By an algebraical quantity here we 
mean either a real quantity, or an imaginary quantity of the 


form prgy—l. 


143. Let @ denote one of the m™ roots of any quantity A, 
so that a"=A. Then in the equation a*—-A=0 assume x= ay, 
so that a"y"—A=0; therefore y*-1=0. Hence y=2/1, that is, 
y is equal to an n"™ root of unity. And «=ay=ax/1; but e=%/4; 
therefore ,/A=a2/1. Thus all the n™ roots of any algebraical 
quantity may be found by multiplying any one of them in succes- 
sion by the values of the n™ roots of unity. 


144. Let us now suppose that A is a real positive quantity, 
and that we have to solve the equation «*— A =0 and the equation 
z*+A=0. Let @ be the arithmetical value of the x™ root of A, 
which may always be obtained, at least approximately, by the aid 
of the Binomial Theorem ; see Algebra, Chapter xxxvr1. Assume 
x= ay, then the proposed equations become respectively y"—1 = 0, 
and y"+1=0. These equations can both be solved by the 
aid of Trigonometry ; see 7’rigonometry, Chapter xxt. We shall 
however now consider these equations without using the Trigono- 
metrical expressions ; and although we are not able to solve them 
generally by means of algebraical expressions, we shall be able to 
prove important results respecting them. 


145. [fa be any root of the equation x"-1=0, then a™ is 
also a root, where m is any integer, positive or negative. 


For (a")* =a" =(a")"= 1" = Ii 


I 


BINOMIAL EQUATIONS. 91 


146. If a be any root of the equation x°+1=0, then a™ is 
also a root, where m is any odd integer positive or negative. 


For (a”)" =a" = (a")" = (— 1)"=—-1, if m be odd. 


147. Jf m be prime ton, the equations x™-1=0 and x"-1=0 
have no common root except unity. 


Let p and q be two integers which satisfy the relation 
pm—gqn=1; such integers can always be found by Algebra; see 
Algebra, Chapter xivi1. And suppose that a is a common root 
of the two equations, Then a”"=1, therefore a?"=1; and a*=1, 
therefore a™=1. Hence, by division, a?”""-"=1; that is @=1. 


148. Jf n is a prime number, and a any root of the equation 
x"—1=0, except unity, then all the roots of the equation will be 


Surnished by the series a, a’, a’,...a". 


For these quantities are all roots by Art. 145. We have there- 
fore only to shew that no two of them are equal. If possible, 
suppose a’=a'; then a” *=1; and thus the equations 2*—-1=0 
and «”*—1=0 have a common root which is not unity. But this 
is impossible by Art. 147, since r—s is less than n and therefore 
prime to it. 


149. If m is not a prime number, and a is any root of the 
equation «"—1=0, it is true by Art. 145 that any power of a is 
also a root; but it is not necessarily true that the successive powers 
of a will furnish all the roots. Suppose for example that n= pq ; 
and let a be a root of the equation a’ -1=0; then a is also a root 
of the equation x"—1=0, and so is any power of a. But we can- 
not obtain more than p different values by taking powers of a; for 
a?*1—=a? xa=a, a?**?=a? xa?=a*, and soon. Thus the powers of 
a will not furnish a// the roots of the equation «"~1= 0, 


If m be not a prime number it is still true that some of the 
roots of the equation #”—1=0 have the property of furnishing all 
the roots by their successive powers. This we shall shew from 
the Trigonometrical expressions for the roots. 
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For let 7 be any integer ; then 


Qrar — . Ur 
cos —— +,/—1 sin — 
n n 


is a root ; denote it by a. Suppose 7 prime to m, then the succes- 
sive powers of a will furnish all the roots. 


For let s and ¢ be two integers, neither of which exceeds n ; 
then a and a’ will not be equal. For 


Qsrr 2srz 
a’ =cos —— oN 1 sin 


Qtrar Qtr 
+ /—1sin —; 
n 


iis 


2. 
and in order that these should be equal = 


t: x 
and — must either 


be equal or differ by a multiple of four right angles. See Plane 
Trigonometry, Art. 98. Thus 


Se)r : 
—S must be an integer ; 


but this is impossible since 7 is prime to m and s ~ ¢ is less than x. 


150. Zhe solution of the equation x°-1=0 where n is. the 
product of different prime numbers can be made to depend upon the 
solution of equations of a similar form having for the index of x 
the diferent prime factors of n. 


Suppose, for example, that » is the product of three prime 
factors m, p,q. Let abe a root of the equation «"—1=0, let B 
be a root of the equation 2?—1=0, let y be a root of the equation 

-1=0; these roots being all supposed different from unity. 
Then the roots of the equation 2*—1=0 will be the terms of the 
product 


(lta+a't+...+a0™")(1+ B+ BP+...+hP")(ltyty'+... ty"). 


First, any term of this product is a root. For suppose a’B*y* 
to denote such a term; then (a’B'y’)"=1, since a*"=1, B™=1, and 


BINOMIAL EQUATIONS. 93 


y”=1. Secondly, no two terms of this product are equal. For, 
if possible, suppose a” B'7y =a? B77; then a”? =f7"*y"". The 
quantity on the left-hand side is a root of the equation x"—1=0, 
and the quantity on the right-hand side is a root of the equation 
x%—1=0; but since m is prime to pq it is impossible that these 
equations can have any common root except unity. 


Similarly we may proceed when z has more than three prime 
factors. 


151. Next suppose that the prime factors of occur more 
than once in 2; for example, let n=p.a7.«, where p, 7, k are 
respectively any powers of the prime numbers m, p, and gq. 
Then it will still be true that if we obtain the p roots of 
the equation «*—1=0, the w roots of the equation «7—1=0, 
and the x roots of the equation x*-—1=0, and take every possible 
product of these roots, one from each system, we shall obtain all 
the roots of the equation «*—1=0. But, by Art. 149, the roots 
of each system cannot necessarily be represented by the powers of 
one root taken arbitrarily. 


Similarly we may proceed when 7 involves more than three 
different primes. 


152. It is usual to add one more proposition respecting the 
equation x"— 1=0 when n is a power of a prime; and we will give 
it here although it is of little practical importance. Suppose, for 
example, that 7 = m* where m is a prime number. Let abe a root 
of the equation x”—1=0, let 8 be a root of the equation ~”—a= 0, 
and let y be a root of the equation «"—8=0. Then the roots of 
the equation «”"—1= 0 will be the terms of the product 


(l+ata’t+...ta™”)(1+ B+ B+...+B"")(l+yt+yet+... ty"). 


First, any term of the product is a root. For suppose a’B'y‘ to 
denote such a term; then (a7 B’y')"=a™B"y"=1. Secondly, no 
two terms of this product are equal. For, if possible, suppose 
a” By’ = a?B’y"; thus a’= aA, where 


s t oO 7 
l=r+—+-—jandA=p+ —+-5. 
mm m m 
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Therefore a!-\= 1, therefore a”—1=0, where v=m°(J—A). But 
m?(l~X) =m? (r—p)+m(s—o)+t—7, and this is prime to m, 


and therefore to m*; and therefore the equations 2*-1=0 and 


x2”—1=0 cannot have a common root different from unity. 


153. The preceding Article is of little practical importance, 
because the operations which it involves cannot be generally 
effected. Suppose that we can solve the equation «"—1=0, and 
so find a; then all the quantities 1, a, a’, ...a™”’, are roots of 
the equation «"—1=0; so that we thus obtain m roots. But to 
find B we have to solve the equation x"—a=0, that is, we have to 
find 7/a where a=7/1; and there is no algebraical method of 
effecting this generally. 


Thus, for example, when we have solved the equations 2*—1=0 
and «°—1=0 we can immediately form all the solutions of the 
equation «°—1=0 by Art. 150. But we cannot practically solve 
the equations 2°-1=0 or a°—1=0 by the method of Art. 152; 
we can only obtain three roots of the former equation and five 
roots of the latter equation. 


154. We will now indicate the methods by which we can 
practically solve the equations 2*—1=0 and a*+1=0, when x is 
not too great. 


We may observe however that if m be any power of 2 these 
equations may be solved by the process given in Algebra for 
extracting the square root of a binomial surd, repeated as often as 
is necessary; see Art. 28. If m=pm, where p= 2’, assume a?= y, 
thus the equations a*—-1=0 and 2"+1=0 become respectively 
y"-1=0 and y"+1=0. Then if y can be found we can deduce a 
by the process of extracting the square root repeated 7 times. 


155. In the equation 2*—1=0 suppose that m is an odd 
number, and let =2m-+1. The equation #”"*'— 1 = 0 has only one 
real root, namely + 1; for it has no negative root, and if a be made 
equal to any other quantity than unity «"*’ will not be equal to 
unity; thus the equation has only one real root. Divide a?"*!~] 


—eooCl 
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by «—1; thus we reduce the equation to be solved to the fol- 


lowing, 


,2m 2m—1 2m —2 


ae" + a +2 +...¢e¢°+e2+1=0. 


This is a reciprocal equation, and its solution can be made to 
depend upon the solution of an equation of the degree m. 


156. In the equation «*—1=0 suppose that m is an even 
number, and let n=2m. The only real roots of the equation are 
+1 and —1; and we may divide #”"-—1 by the product of «-1 
and «+ 1, that is, by x7—1. Thus we reduce the equation to be 
solved to the following, 


Ce re tee b= 0; 


This is a reciprocal equation, and its solution can be made to 
depend upon the solution of an equation of the degree m — 1. 


The equation «’”"—1=0 may also be conveniently treated by 
writing it thus, (7”—1)(a"+1)=0, and so resolving it into the 
equations z"—1=0 and «”"+1=0. Or we may adopt the method 
given in Art. 154. 


157. In the equation «*+1=0, suppose that » is an odd 
number, and let n=2m+1. The equation #"*1+1=0 has 
only one real root, namely —1; and we may divide #"*' +1 
by «+1, and thus reduce the equation to be solved to the 
following, 

erm — pt) gg 8 +e — e+ 1=0; 


this is a reciprocal equation, and its solution can be made to 
depend upon the solution of an equation of the degree m. 


If m is an odd number in the equation w"+1=0, and we 
change « into —a, we obtain «"—1=0; so we may if we please 
solve the latter equation, and then change the signs of the roots, 
and thus obtain the solution of the former equation. 


158. In the equation ~+1=0, suppose that m is an even 
number ; then the equation has no real root. The equation is 
a reciprocal equation, and its solution may be made to depend 
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upon the solution of an equation of half the degree. Or the 
equation may be treated by the method given in Art. 154 


159. ‘Thus in the four preceding Articles we have shewn how 
the solution of the proposed equations can be made to depend 
upon the solution of other equations which are not of higher 
degrees than half the degrees of the proposed equations In- 
each case we remove the factors which correspond to the real 


1 : a8 
roots and then put 2+ =a and obtain an equationin = Now 
it may be observed that this equation in = will have all its roots 


real. For suppose that a+8,/—1 denotes one of the imaginary 
values of x; then the corresponding value of = is 


a+ f,/- SET ce that is, a+ B/—1+ = 8V=1, 
ay By + 
and this is a real quantity, namely, 2a, provided that a*+ §*= 1. 
We shall shew that a°+ $8 is =1. 
Since a+ 8,/—1 is a root of the proposed equation x*=1=0, 
by Art. 41, a— 8 /—1 is alsoa root, Thus 
(2+ 8/—1)"==+1, and (a-8/—1J==1; 
hence by multiplication (a*+8*)"=1; therefore a®°+ 6°==1, and 
since a” + 6” is necessarily positive it must be equal to + 1. 
160. We will now consider some examples of the equations 
x"+1=0 and 2*-1=0. 
(1) a®—1=0; this gives (e—1)(e*+2+1)=0. 


Hence the roots are 1 a 8 ; these values are then 


the three cube roots of +1. By changing their signs we shall 
obtain the three cube roots of —1, or in other words the roots 
of the equation 2*+1= 0. 
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(2) s*+1=0. Put ata =e; we get #—-2=0, 


Thus Z=,/2, 
Therefore «+ 1 = (#’+%,/2+1)(«’—«,/2+1); 


and the solution can be completed by finding the roots of two 
quadratic equations. 


(3) #-1=0,. This gives (a —1)(a*+ a°+ 0+ a+1)=0. 


Hence we have to solve. a? + M +a+ : +1=0, that is 


z2+2z—-1=0. Thus coca aes ; 


Therefore 
x°’—-1=(%—1) (2+ ati 1) (2+ oe ness + 1) p 


and the solution can be completed by finding the roots of two 
quadratic equations. The roots with their signs changed will 
be roots of the equation «+ 1 = 0, 


161. If we attempt to solve the equation «’—1=0, we ob- 
tain an equation of the third degree in z; and if we attempt to 
solve the equation «’—1=0 we obtain an equation of the fowrth 
degree in z. We shall in the next two Chapters shew how to 
solve equations of the third and fourth degrees; it will however 
be found that the methods of solution are of little practical value 
when the equations to be solved have all their roots real, which 
is the case we have here to consider, by Art. 159. 


162. In an equation of the form x” + pu"+q=0, we can 
by the solution of a quadratic equation find the values of a", 
and then the method of the present Chapter may be applied to 
find the values of x. 


We will close this Chapter by a proposition respecting the 
number of values of the product of two surd quantities. 


TE, 7 
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163. Suppose 4 and B any two algebraical quantities, and 
m and n any positive integers. Then %/A has m different values, 
and */B has n different values by Art. 142. Hence the product 
of */A and 7/B cannot have more than mn different values ; 
and we shall shew that it cannot have so many values unless 
m and nm are prime to each other. This we shall shew by 
proving the following proposition ; the number of different values 
of the product of 2/A and x/B is equal to the least common 
multiple of m and n. 

Let @ be one value of %/A; then all the values of %/A are 
included in a%/1. Let b be one of the values of 7/B; then all 
the values of %/B are included in 6/1. Hence all the values 
of the product are included in ab x %/1 x °/1; and therefore the 
number of the different values of the product is the same as the 
number of the different values of %/1 x 2/1. Let r be the least 
common multiple of m and n; then (Y/1x%/1)'=1. Thus 


V1 x 2/1 is equal to an 7” root of unity, and therefore cannot 


have more than r different values. 

We have however still to shew that 7/1 x X/1 really has r 
different values. Let p be the greatest common measure of m 
and n, and let m=py, and n=pv. Let a denote a value of 4/1, 
and 8 a value of ,/1; then %/1 x (/1 may be written thus 2/a x 2/8, 
or /aB. Now af has »xv values, and as each p™ root of a 
has p values we have in all puv values, that is 7 values. And 
these values are all different. or let a’ denote another of the » 
values, and £’ another of the v values, and suppose if possible 


that 2/0’B’=</aB; raise both sides to the p® power, then a’B’= af; 
therefore ~ = F The left-hand member is a root of the equation 
wo —1=0, and the right-hand member is a root of the equation 
a” —1=0; and these equations can have no common root except 
unity by Art. 147. Thus there are pv different values of af, and 
y different values of 2/1 x 2/1. 


164. The essential part of the preceding Article is sometimes 


m™ 


esi be reduced 


mtn 
‘treated thus. We have 2/1 x 2/1=1™ , and if 
mn 


_ 


_ 


—_—— 


a 
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tw its lowest terms, the numerator will be an integer and the 


a4# z 
denominator will be vr; thus 1” =1" which has ¢ different 
values, This method however is unsatisfactory, because the 
ordinary theory of surds in Algebra is only proved there for the 


arithinetical values of the surds, and thus does not furnish the 
1 HA 


ps Zz te 
relation 1*x1*=1™ , in the sense in which this relation is here 
required, 


XIE. CUBIC EQUATIONS. 


165. It is unnecessary to say anything on the solution of 
quadratic equations because that subject is fully considered in 
treaties on Algebra. We propose in the present Chapter to give 
the solution of equations of the third degree which are also called 
cubic equations. 


It appears from Art. 56, that any proposed equation can 
always be transformed into another equation without the second 
term. Ag the roots of 4 cubic equation without the second term 
are more simple expressions than the roots of a complete cubic 
equation, we shall suppose that the cubic equation which we have 
to solve is without the second term. The process which we shall 
now give is usually called Cordum’s solution of a cuhic equation. 


166. To solve the equation x +qx+1r=0, 


Assume s=y+%, #0 that y and z are two quantities which 
are at present unknown. Substitute for « in the given equation; 
thus 

(y+ +qly+2+r=0, 


that is, UY +d + (Byz+4)(yr+24+r=09. 


Now we have made only one assumption with respect to the 
two quantities y and z, namely that their sum is the value of 
a root of the proposed equation. We are therefore at liberty 

7—2 
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to make another assumption; suppose then: that 3yz+q=0. 
Thus we have 
ytetr=0. 


Substitute for ¢ in terms of y; thus 


MOY fea: 
Y +( 3y/ +r=0, 
¢ 
that is y+ ry’ — 37 = 0. 


ee 2 ¢ 

Hence y aes Nie +f), 
pete de Sere. o 
and faor-ya-5e,/(F+8)- 


Also 2=y+2}3 it will lead to the same result in the value 
of « whether we adopt the upper sign or lower sign in the 
values of 3° and 2°; for distinctness suppose the upper sign taken. 
Therefore 


Bence COU E 


Thus the expression for x is the sum of two cube roots, and 
as every quantity has three cube roots, we must examine which 
cube roots are to be used in the present case. Let 


1 ae 
ere 
then by Art. 160, the three cube roots of 1 are 1, a, and a’. 


Let m denote one of the cube roots of -5 + WA (G+ £), then 


the other cube roots are ma and ma?; let m denote one of the 


, ona ¢ 
cube roots of —5 — (F + $); then the other cube roots 


are ma and ma*. If we could ascribe to each of the cube roots 
which occur in the expression for « any one of its three values, 
we should obtain on the whole nine values of x But a cubic 
equation can only have three roots, so that we are led to con- 
clude that only three values will be admissible for a And 
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in fact the process of solution requires that yo=—t , and it is 


this condition which determines the admissible values of the cube 
roots. Suppose that m and m are so taken as to satisfy the 


condition mn =~" ; thus we can have y=m and z=n as ad- 


missible values. Then we can also have y=am and z=a°'n; 
and we can also have y=a’m and z=amn; for in these two cases 


we have the relation yz =-3 satisfied. No other pair of values 


however is admissible; for co if we suppose y=m and 


Z=an, we get yz=— 3 and not — i , and any other pair of values 


except those which we have admitted will make yz=— 4 


2 
or end instead of = 
v v 


167. For example, suppose z*+62-20=0. Here g=6 and 

r=—20; thus 
z= (10 + ,/108)2 + (10 — /108)3. 
By numerical work it may be ascertained that 
(10 +,/108)3=2-732 ..., and (10 —,/108)3 =—-732..., 
so that we may presume that x = 2 is a root, and this will be found 
the case on trial. Instead of expressing the other two roots by the 
method of the preceding Article it will be preferable to depress the 
equation to a quadratic, Since 2 is a root of the proposed equa- 
tion we know that «’+6z-— 20 is divisible by x - 2, and we find 
that 
a? + 6a — 20 =(a — 2) (a? +2”+10); 
therefore the other two roots of the Pnee equation may be 
found by solving the equation 
a’ +22+10=0; 

thus these roots are 


als |/29, thatis #1 3,/— 1, 
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In the preceding example we may verify by trial that 
(10 +,/108)?=1+,/3 and (10—,/108)3 =1-/3, 


and so find the root 2 without any numerical extraction of 
roots. There is however no algebraical process by which we can 
universally obtain the cube root of an expression of the form 
a+,/b in a finite form; see Algebra, Art. 310. We may apply 
the binomial theorem to find the value of (a+ ./b)? in an infinite 
series ; in this case in order to obtain a convergent series, we 
must expand in ascending powers of ./d or of a, according as /b 
is less or greater than a; see Algebra, Chapters XXXVI. and XL. 


168. We have seen in Art. 166, that although apparently 
nine values are furnished for x only three are really admissible. 
We may see a reason for the occurrence of the nine values. For 


the relation yz = -3 was assumed, but this was transformed into 


4 
yi=-s in the process; and the latter relation would not be 


changed if g were changed into ga or into ga. Thus, in solving 
the equation «+ gx+7=0, we really found nine solutions, three 
belonging to this equation, three to the equation 2° +qgaa+7=0, 
and three to the equation a° + ga’e%+r=0. 


169. Let us now consider more particularly the form of the 
roots of the proposed cubic equation. We will assume that ¢g and 
r denote real quantities. The expressions for y* and 2° may be 
either real or imaginary. 


First suppose that these expressions are real. We may then 
suppose that m and m denote respectively the arithmetical values of 
the cube roots of y° and 2°. The proposed cubic equation has in 
this case one root which is certainly real, namely m+; the other 
two roots are ma+na* and ma*+na. By substituting for a its 
value these roots become respectively 
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= 5 (m+n) +5 (m—n) /=3, 


and — 5 (m+n) —5(m—n) J=8, 


and these roots are imaginary unless m=n. When m=n the 
cubic equation has two equal roots each being equal to —m 


or—%”. The condition which is necessary and sufficient to ensure 
2 3 


: : i Wg 
m=n, that is, y®=2*, is that 57-9: 
Conversely, if the roots of the cubic equation ave all real and 
unequal the expressions for y* and z* must be imaginary. 


Next suppose that the expressions for y° and 2’ are imaginary ; 
2 3 


that is, suppose that Sofe Bes negative quantity. We know 


4 27 
from Art. 142 that y* and 2’ will each have cube roots of a cer- 
tain form. We may therefore suppose that m=p+v,/—1, and 
as 2 only differs from y’ in the sign of the radical, we can take 
n=p-—v,/—1. In this case the roots of the proposed cubic 
equation are all real, namely, 


eva t= viel ee that is 2p, 
(atv j—1)at+(p—v/—1) 0%, that is —p—v,/3, 


and (eee) oft (4—v/—1) 4, that is —+v ,/3. 


170. It will now be seen that Cardan’s solution of a cubic 
equation is of little practical use when the roots of the proposed 
equation are real and unequal. For in this case the expressions 
for ¥° and 2° are imaginary; and although we know that cube roots 
of these expressions exist, there is no arithmetical method of obtain- 
ing them, and no algebraical method of obtaining them exactly. 
We have the roots in this case exhibited in a form which is alge- 
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se 


braically correct, but arithmetically of little value. For example, _ 


take the equation 
x? —1ldxe—-4=0. 


Here r=—4 and g=—15. Hence we obtain 
w= (2+4/— 121)8 + (2—,/- 1218; 
that is, w= (2411 J—1)8+ (2-11, /-1)3. 


Now here we have no obvious mode of extracting the cube 
roots. It may be verified by trial that 


21, f Siete =a 
and (DA lif ad = Bie oe: 
Thus Eee Eps ep yess ee JESS [= 


Hence 4 isa root. The other roots can then be found by the 
method of Art. 169; or we may proceed thus, 


a* —15a—4 = (x — 4) (x? +4x+ 1). 
We have therefore to solve the equation 2 + 4x+1=0; the 
roots are — 2 +,/3. 
Again, consider the equation 2° — 3 {/2a—2=0. 
Here r=-—2 and g=—3,/2. Thus 
#=(1+,/—1)8+ (1—-./=1s 
It may be verified by trial that 


(14 faye V84} Bat pp 


2 x/2 2/2 
sen J/3-1 -— 
(ae Sa \ See J3+1 SN a any fe 
Thus 
V3+1 | J3-1 J3+1 /3-1 ;— awie 
ad 8/2, +*Yye V-1+ Tye 7 aya Vo) Bory 
The other roots may then be found; they are 
1-,/3 2 


and 


“yh, eee 


aw ee 
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171. The case in which the three roots of a cubic equation 
are real and unequal is sometimes called the irreducible case, and 
sometimes it is said that Cardan’s solution fails in this case; these 
expressions are used to indicate the fact that the roots are in this 
case presented to us in a form which is very inconvenient for 
arithmetical purposes. 


We may however use the binomial theorem in order to ap- 


proximate to the cube root of an expression of the form p+q uy Say 
For if g be numerically less than p we can expand (p+q,/ =1)3 in 
a converging series proceeding according to ascending powers of 
q/—1; see Alyebra, Chapter xxxvr. We can thus obtain approxi- 
mately (p+q,/—1)3 in the form P+ Q,/—1; and then (p-q,/—1)3 
will have an approximate value P—Q,/—1; and the sum of the 
two cube roots will be 2P. But if g be numerically greater than 
p we may proceed thus; 


p+qJ/-1=J/-1(¢-pJ=)); 


hence (p+aN—l? =(/-)*(q- pl —1). 
Now —./—1 is a cube root of ,/—1 as we find by trial, so that 
we have (p+ qJ/-1)8=- /-1(q-pJ-1)3 


And we can expand (q—p /=1)3 in a converging series pro- 
ceeding according to ascending powers of p/—1; and thus we 
may find as before the sum of the cube roots of p + q/—1 and 
p-qJ1. 

The case in which p=gq is really involved in the second 
example of the preceding Article. 


It may be observed that by means of De Moivre’s theorem, 
we can express the cube root of any quantity p+ q,/—1 in a form 


involving Trigonometrical functions. 


172. It appears from the preceding Articles that the cubic 
equation 2°+qva+r=0 may always be solved by Cardan’s process 
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without any difficulty when qg is a positive quantity, and also 
when q is a negative quantity provided ¢° is numerically less than 
277? 


Tn and in these cases two of the roots are imaginary. If g? is 


277? 
a negative quantity and numerically greater than =. Cardan’s 


4 


solution is inconvenient, and in this case all the roots are reall. 


O72 
If g* be negative and numerically equal to =F , so that 
42 3 
r + aT =0, the proposed cubic equation has two of its roots equal 


8 
by Art. 60. We have by Art. 166 in this case m=n = J-5 : 
and the three roots are 2m, — m, and —™m. 


In every case where one root of a cubic equation has been 
found we can, if we please, depress the equation to a quadratic, 
and so find the other two roots, instead of finding the other two 
roots by the process of the preceding Articles. 


173. We will briefly indicate the results which are obtained 
in the solution of a complete cubic equation. Let the equation be 


ax’ + 3ba? + 3ca+d=0; 
b : 
assume ©=2%—-—, then we obtain 
a 


2+ qz+r=0, 
@ Be d 3bce 20° 


where =3--— —3, r=-—L 4, 
qd a ae? a a as 


Hence by Cardan’s method 


fer ge r pg *Nt 
= ( gt G48) (Ch 7+) - 
The condition which must hold if there are equal roots is 


3 


r qg k 
Zt oa 
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that is 
(2B — 3abe + a’d)’? + 4(ac - VY =0. 
It wili be found by common Algebraical work that this can be 
put in the form 
(ad — be)’ —4(? — ac){c? — bd) = 0. 


174. Some cubic equations in which the coefficients have 
special values may be solved without using Cardan’s method. 
For example, suppose 


“+ 32=a-—a*. 


This may be written y 
2 
a+ 32 = (a—=) +3(a-2), 
a 
r 1 
that is, 2-(a—7) +3{2—(a-=)} <0 


— 1 
and now we see that one root is given by =a — mi 


Again, suppose we have the complete cubic equation 
“+00 +bx+c=0, 


and that the relation 30c=6’ holds among the coefficients. The 
proposed equation may be written 


—t#=ae’ +ber+e, 


therefore — baba? = dbo’a? + 3b?an +b", 
therefore (0° — 30b) a? = a'x? + 3ba’a’ + 3b7ax + b= (ax + b)*, 
therefore 2x) a? — 3ab =ax +b, 

b 


therefore i 
J a’ —3ab-4 


175. A process is given in the Trigonometry, Chapter xvit, 
by which we may obtain the roots of a cubic equation in the 
irreducible case, by the aid of the Trigouometrical Tables. This 
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is a matter of very little practical value, but we will shew how 
the Trigonometrical Tables may also be used for examples which 
do not belong to the irreducible case. 


Suppose 2°+ ga+7r=0; then 
r Pg 3 - regs 
w-(-h+4/9+S) veh 


Tf qg is positive, assume f = 7 tan’ ; then we get 


tae 0)" ae Ae 6)’ 
ain Oe SO ae (-5- pee 


= ra) Ec 


If q¢ is negative, and 4q* numerically less than 277*, assume 
2 


q eee 
97 =~ g sin 6; then we get 


c= (Ge gout)'« (5 fone 
~t-ob (om)! (co). 


176. An important cubic equation occurs in many mathe- 
matical investigations, and it may be noticed here although not 
connected with the special subject of this Chapter. 


We propose to shew that the roots of the equation f(x) =0 
are all real, where f(x) denotes 


(« — a)(« — b)(a — c) — a? (x —a) —b" (a —b)— (a —c) — 2a'b'e’. 


The equation may be written thus, 


(a — a) {(e — b)(x—c) - a - {y (a — 6) +e?(a@—c)+ 2a} == 0, 
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Let f and & denote the roots of the quadratic equation 
(x — b)(a—c) —a? =0, 
and suppose / not less than #4. Then by solving the quadratic 
equation it will be seen that h is greater than 6 or c, and that 
k is less than b orc. Substitute successively + 00, h, k, —o for 
xin f(a); the results will be respectively 
2 2 
‘cies {Ba/(h—2) +0! y(h=c)} ; {¥M(0=H)-eJ(o-B)} Jon 
Thus the equation /(«)=0 has three real roots, one greater 
than h, one between / and &, and one less than &. 


177. There are two cases which require further examination 
as they are not provided for by this demonstration, (1) that in 
which h=h, (2) that in which h or & is a root of the cubic 
equation. 


(1) Suppose h=k. Since the roots of the quadratic equa- 
tion are equal we shall obtain the condition (6-—c)’+4a7?=0; 
therefore b=c and a’=0. Hence it will be found that ¢ is a root 
of the cubic equation; and on dividing f(x) by «—c and equating 
the quotient to zero we obtain a quadratic equation which has 
real roots. 


(2) Suppose that / or & is a root of the cubic equation; for 
example, suppose that A is, Then the process of Art. 176 shews 
that the cubic equation has also a real root less than 4; thus 
it has two real roots, and the third root must therefore also be 
real. Similarly if & be a root of the cubic equation, it has a real 
root greater than h; and thus the third root must also be real. 


178. We may investigate the condition which must hold in 
order that h or & may be a root of the cubic equation. Suppose 
that A is a root of the quadratic equation and also of the cubic 
equation. 

Since A is a root of the quadratic equation, we have 


(A—b) (X—C) HAP =D... eee eeeee ees @)s 
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and since \ is also supposed to be a root of the cubic equation, 
we obtain 
b°(A—b) +07(A-c) + 2a'b'c’ =0...... (2). 
From (1) and (2) we deduce 
b?(A—6) +¢7(A—c) + 20’e',/(A— 6) (A—¢) =0, 


that is, LAG Ree ING ot =0; 
therefore b°(A —b) =e7(A—€).....- 04-2000 (3). 
From (2) and (3) we obtain 
h-b=-F, gee eee (4); 
ac ab’ ed 
and therefore b- sak oe ee (5). 


Hence the relation (5) must hold among the coefficients of 
the cubic equation in order that one of the roots of the quadratic 
equation may also be a root of the cubic equation. 

Conversely, if (5) holds we may give to A the single value 
determined by (4), and then both (1) and (2) will be satisfied; and 
thus the quadratic equation and the cubic equation will haye a 
common root. 

In obtaining (4) and (5) we assume that neither 0’ nor ¢’ 
vanishes. 

Suppose that 0’ vanishes; then from (3) either c’ vanishes or 
A=c. If X=c then from (1) it follows that a’ must vanish. 


179. Let us now investigate the conditions in order that 
the cubic equation may have equal roots. 

If neither / nor & is a root of the cubic equation, the demon- 
stration in Art. 176 shews that the roots of the cubic equation 
are unequal. But the process of Art. 176 may be conducted so 
as to use either of the quadratic equations 

(a —c)(w-—a)—b?=0, or (2 —a)(a ~-b) —c?=0, 
instead of the quadratic equation 
(2 —b)(a—c)-a?=0. 


wks 
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Hence the cubic equation cannot have equal roots unless it 
has a root in common with any one of these quadratic equations. 
Hence from equation (5) we obtain the following as necessary 
conditions for the existence of equal roots of the cubic equation, 

b'c’ c a’ al’ 


a—-—-=b-—,=¢--;. 


a b’ c 


Conversely, if these conditions hold the cubic equation has 
equal roots. For denote these equal quantities by 7, so that 


b’c’ ca ab! 
a aOR Dota) c=rt+ ee 
substitute for a, 6, c in the cubic equation, and it becomes 
be ca ab’ 
—r)—(a@—r)?(— + = +— )=90; 
(a —r)*— (a —r) iG b =) 0; 
so that the root 7 occurs twice, and the other root is 


Ve ea al 
LP iam Gi Rae Gp 
a b c 
This assumes that a’, ’, and c’ are all different from zero. 
Suppose now that one of these quantities vanishes, say a’. 
Then from the quadratic equation 


(a —6)(«@—c)—a"®=0 


it follows that « must be equal to c or 6, Suppose x=c; then 
from the other quadratic equations we see that 


b'=0 and (c—a)(c—b)—c”=0. 


If a’, 0’ and ¢’ all vanish then in order that there may be equal 
roots, two of the three a, 6, c must be equal ; if they are all equal 
the cubic equation reduces to (w—a)*= 0. 
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180. We shall now proceed to explain some methods for the 
solution of equations of the fourth degree, which are also called 
biquadratic equations. We suppose the biquadratic equation 
which is to be solved to be deprived of its second term, for a 
reason already given; see Art. 165. The first solution which 
we shall give is called Descartes’s Solution. 


181. To solve the equation 
aigu+r2e+s=0. 
Assume a4 grtcen+s— (a 4en+ fe ania 
we have then to shew that the quantities e, f, and g can be found. 


Multiply together the factors on the right-hand side, and equate 
the coefficients of the several powers of x to those on the left-hand 


side; thus 
g+f-@=4, e(g —f)=7, = 8; 
that is, g+f=q+e, g-f=", gf=s. 


Find g and / in terms of e from the first two of these equa- 
tions, and substitute in the third; thus 


(q+¢ +‘) (q+ 6-7) = 40 


From this equation by reduction we obtain 

e° + 2ge* + (g?— 4s) — 7° =0. 

This may be considered as a cubic equation for finding e*, and 
it will certainly have one real positive root by Art. 20. When 
e’ is known we can find e, and then g and f become known. Thus 
the expression 2*+qa°+rx+s is resolved into the product of 
two real quadratic factors, and we can obtain the four roots of 
the proposed biquadratic equation by solving the two quadratic 
equations 

e*+en+f=0, x*-ex+g=0. 
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182, It will be observed that in one of the two assumed 
quadratic factors we introduced the term ex, and in the other 
quadratic factor the term —ex; and the reason for this is that 
there is no term involving x in the expression which we wish 
to resolve into quadratic factors. Now e is equal to the sum of 
the two roots of the second quadratic equation given at the end 
of the preceding Article, so that e is equal to the sum of two of 
the roots of the proposed biquadratic equation. Out of the 
four roots of a biquadratic equation two roots can be selected 


in 28 ways, that is, in 6 ways; and thus we see the reason why 


the equation in ¢ should be of the sixth degree. But as the sum 
of the four roots of the biquadratic equation is zero by Art. 45, 
the sum of any two roots is equal in magnitude and opposite in 
sign to the sum of the remaining two roots; and thus we see 
the reason why the equation in e only involves even powers of e, 
so that the values of e’ can be found by the solution of a cubic 
equation. 

We may observe that when we have found e’ we can give 
either sign to the value of e, which we obtain by extracting the 
square root; for by changing the sign of e we merely interchange 
the values of f and g, and this has no influence on the results 
which are obtained by solving the biquadratic equation. 


183. Suppose, for example, that a*—10x*—20x-16=0, 
Here g=-10, r=—20, s=-—16. The cubic equation in é 
becomes e° — 20e*+ 164e7- 400=0, and a root of this is e’= 4; 
see Art. 119. Thus e=2; then f=2, and g=—8; therefore 


x*—10ax*— 20x —16 = (x? + 20 + 2) (x? — 2a - 8), 
The four roots of the proposed biquadratic equation will be found 
to be 4, - 2, -1+./-1, and ~1—,/-1. 


184. Thus it appears that the solution of a biquadratic equa- 
tion can be effected if we can obtain one root of a certain auxiliary 
cubic equation. It becomes therefore a point of importance to 
ascertain when this cubic equation falls under the irreducible 


Sao 8 
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ease; see Art. 171. This gives occasion for the following pro- 
position, Zhe auxiliary eubie equation will not fall under the 
irreducible case when the biguadratic equation has two real roots 
and two imaginary roots. 


For suppose the imaginary roots of the biquadratie equation 
to be denoted by a+ BJ —1 and a- BJ-1; then since the sum 
of the four roots is zero, the two real roots will be of the forms 
—a+y and —a-—y. By taking the sum of every pair of these 
roots we obtain the expressions + 2a, + (y+8,/ 1), and +(y-,/—1), 
Thus the three values of e? will be (2a)’, (y+ BJ/-1), and 
(y—8/-1)°; if y is not zero two of these values of ¢ are 
imaginary, and if y is zero the values of e* are all real, but two 
of them are equal; thus the cubic equation in e*? will not fall 
under the irreducible case. 


185. If the roots of the biquadratic equation are all real the 
roots of the auxiliary cubic equation will be all real. If the roots 
of the biquadratic equation are all imaginary they will be of the 
forms a+ 8 ./—1 and -a+y/—1. By taking the sum of every 
pair of these roots we obtain the expressions + 2a, + (8+ y),/—1, 
and +(8—y),/—1; thus the values of ¢® are 4a°, — (8 +y)*, and 
—(8—y)’, and so are all real. 


Hence if the biquadratic equation has its roots all real or all 
imaginary, the auxiliary cubic equation will in general fall under 
the irreducible case; we say in general, because it may happen that 
the cubie equation has two of its roots equal, and then it dees not 
fall under the irreducible case. 


186. We have in the two preceding Articles shewn what will 
be the forms of the roots of the auxiliary cubic equation cor- 
responding to the various forms of the roots of the proposed 
biquadratic equation, We will now state conversely what’ will be 
the forms of the roots of the proposed biquadratic equation cor- 
responding to the various forms of the roots of the auxiliary 
cubic equation, Since the last term of the cubic equation is 


Ps 


= \ \ ial 
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negative, there must be one positive root; and as the product of 
the roots is positive, by Art, 45, the only cases which can occur 
are, (1) all the roots positive, (2) one positive root and two nega- 
tive roots, (3) one positive root and two imaginary roots, The 
following results follow from Arts. 184 and 185, 


(1) If the cubic equation has all its roots positive, the roots 
of the biquadratic equation are all real. 


(2) If the cubic equation has one positive root and two 
negative roots, the biquadratic equation has two real roots and 
two imaginary roots, or else four imaginary roots. 


(3) If the cubic equation has one positive root and two ima- 
ginary roots, the biquadratic equation has two real roots and two 
imaginary roots. 


187. The four roots of the biquadratic equation can be ex- 
pressed very simply in terms of the three roots of the auxiliary 
cubic equation. Let 7, f*, + denote the three values of ¢ ob- 
tained from the cubic equation : 

+ 2q¢ + (q°— 48) b—r’ = 0, 
Then by Art. 45 we have 7’ =0/f/, and —2¢=07 + +7, 
Thus we may put r=afty, and take « 08 a value of ¢; therefore 


oo? + extfadt +on+5(q+at—") 
=o + un +5 (ot ft 7'~ 2f), 

By solving the equation « + ex +f=0 we shall therefore obtain 

a= 5 (- a-B—y), OF “= ; (~a+PB +7), 
Similarly, by putting 2 -ex +g =0 we shall obtain 

n= (a~ p+) or a= (a+ p-) 
Thus the four roots of the biquadratic equation are 

T(-a-B-7), 5(-a+B+y), 5le-B+y), G(a+B-y). 
8—2 
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In order that the biquadratic equation may have equal roots 
the auxiliary cubic equation must have equal roots. For suppose, 
for example, that 


}(-a-B-y)=5(-2+B+Y) 
then B+y=90, 
therefore B=y'; 
and a similar result will follow in any other case. 


Hence we can express the condition which must hold in order 
that the proposed biquadratic equation may have equal roots; for 
by Art. 173 the condition in order that the auxiliary cubic equa- 
tion may have equal roots is 


(277? — 72qs + 2q°)?=4 (q? + 128)* 


It will be seen, by Art. 79, that the conditions which must 
hold in order that the proposed biquadratic equation may have 
three equal roots may be expressed thus: 


27r*? —72qs+29q°=0, and g*+12s=0, 


It will be useful to note the forms of these conditions for a 
complete biquadratic equation. 


Let the equation be 
ax‘ + 4ba® + 6cx* + 4da+e=0; 


b ; 
assume &=zZ——, then we obtain 


a+qvtrze+s=0, 


h 6c 68° 
where q ie 
4d 12be 80° 
‘a Teens 


e Abd 6b’c 30% 
meas 0? os Soe Ue 


a a a a 


BIQUADRATIC EQUATIONS, 117 
Hence we shall find that 
gt + 12¢= 1" (ae— Abd + 30"), 


, SOK) ) ey ees 
and 277? — 7298 + 2q° =, — (" + cb’ + & — ace — hed). 
a 
Thus the condition for equal roots is 
(ae — 4bd + 30°)* = 27 (ad* + ol + oF ~ woe ~ Lbed)’; 
and the conditions for three equal roots are 
we—sbd + 3¢ =0, 

and od’ + cb’ +0 ~ ce — hed = 0, Z 

188. Another mode of solving a biquadratic equation has 
been given under slightly different forms by various mathema- 
ticians; and thus it is sometimes called Verrari’s method, some- 
times Waring’s method, and sometimes Simpsons method. We 
will now explain it. 

Let the biquadratic equation be 

a+ pa + qa +12 +8 =0; 
add to both sides aa” + ba +c, and then let a, b, ¢ be #o determined 
as to render each side a perfect square. We have then 
+ pi +(q+a)ae+(r+b)ar+e+c=ur +bere. 

The right-hand member will be o perfect equare if b’=4ac. Sup- 
pose the left-hand member to be equal to 


WL Z 
(w+2f+m) 5 


by comparing the coefficients we obtain 


a 
0 
am+"—=q +0, pm=t+b, mM =8+e 


These three relations express a, b, ¢ in terms of m; substituting 
the values of a, b, and c in the equation b’ = 40¢ we obtain 


(pm —r)t=4 (2m +™ — 7) (m’ —8). 
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From this cubic equation m must be found, and then a, }, 
and ¢«. And since we now have 


2 2 
ot +2 +m) = ax + ba + Se eee et 
2 4a 
: : 2, pu _ , 2au+b 
we obtain a+"5 bi ree HU - 
Thus we have two quadratic equations to solve, namely, 
2 pe 2aa +b pe m ae b 
wg Rte =Q, and x!+" +m Ties = 0. 


189. It may be shewn that the auxiliary cubic equation 
which this method requires us to solve will in general fall under 
the irreducible case, unless the proposed biquadratic equation has 
two real roots and two imaginary roots. For let a, B, y, 8, denote 
the four roots of the proposed biquadratic equation; then from 
considering the 5 quadratic equations obtained in Art. 188, it 


2 ai 
four quantities a, 8, y, 8, and m— re must be equal to the pro- 


duct of the remaining two. Suppose then 


Mm + 


and eine teks 


2 Ja 
1 
thus m=5 (aB + y8). 


Hence we infer by symmetry that the other two values of m 


will be 5 (ay +8) and 5 (a3 + By) 


It is obvious that if a, 8, y, 8, are all real, these three values of 
m are all real; and it may be shewn that such will be the case 
if a, B, y, 8, are all imaginary. If however two of the four 
quantities are real and two imaginary, it will be found that two 
of the values of m are imaginary and one real, or else they are 
all real and two of them equal, 


BIQUADRATIC EQUATIONS: 119 


190. We will now give Luler’s method of solving a biquad- 
ratic equation. Suppose the equation to be 
at + qa? +re+s= 0. 
Assume #=y+z+4; thus 
ea_yrte+ue+ 2(yet+2u+ uy), 
that is, wy ev-—w=2(yz+zu+uy). 
Square both sides; thus 
et — 20? (y? +247) + (y+ 247) = 4 (yx +2u4+ wy)? 
=4(y'2 + 2u? + uty?) + 8yau(y +2 +), 
Put « for y+ 2+ 4, and transpose; thus 
x — Qa? (y? + 274 wu’) — Bayzu + (y? +27 +0")? —4(y%2? + 27? + wy’) =0. 
In order that this equation may coincide with the proposed 
biquadratic equation, we must have 
g=-2(y?+e%t+u), r=-8yxu, 


s=(yt2t+w)y—-4(y74+2u'? +uy’). 


Q 


Thus yreitw=-s, 


fa: g° — 48 
2,2 2,2 (Peas 2: = 
Ya + eu? + uy ae s) ié? 
vy 


SUS Se Od, 

yeu = 

Therefore it follows from Art. 45, that y’, 2’, and w’ are the 
values of ¢ furnished by the following cubic equation, 


de a ee 
i+ ot + 16 t 64 0. 


Let the roots of this equation be denoted by ¢,, ¢,, and ¢,; then 
y= ,/6,, a= s/t, w= ,/t,. 


If we substitute these values in the expression for x, namely, 
y+%+uU, we obtain eight different results on account of the am- 
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biguities in sign. But these results are not all admissible; for we 
must have yeu =— 5? so that the sign of. the product of y, z, and 
«, must be the contrary to the sign of 7. 
If we suppose x positive, we have the following admissible 
values of a, 
— Ji, —vlt,— Nb, Nt tt tt, Jt vite, Vt,+Vt— Jt, 
If we suppose » negative, we have the following admissible 


values of @, 
Vt+ alt alts Jt,-Jt,- vt, nad Jt,+ Jt,— vty, —rJt,—/t,+ Jt. 


191. The reason why eight values of x present themselves in 


4 ; : : r 
the preceding Article is because the relation yzw=— 3 was 
” 
squared and used in the process in the form y*2’u? = ve for since 


the relation in the latter form is not changed by changing the 
sign of r, the process really determines the roots of the biquadratic 
equation v*+ gx°—rev+s=0, as well as the roots of the biquad- 
ratic equation a*+ ga*+re+s=0. 


The auxiliary cubic equation of Art. 181 will be found to 
coincide with that of Art. 190 by supposing e*=4¢; thus the re- 
marks made in Arts. 184...186, respecting the connexion between 
the roots of the auxiliary cubic equation and the biquadratic 
equation, and the circumstances under which the cubic equation 
falls under the irreducible case, apply to Euler’s method of solu- 
tion as well as to Descartes’s, 


192. It may happen that special forms of biquadratic equa- 
tions admit of simpler solution than the general equation. The 
following is an example. The biquadratic equation 

x*+ pa*+ ga*+ re+s=0 


can be solved as a quadratic equation if p*— 4pq+8r=0. For 
the equation a*+ pe*+ ga" + re +s=0 may be written 


fi es ee 
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ana -£) r ) ae 
at (+5) +(9 4 o(a+ ry +s=0; 
74 


and this may be solved asa quadratic equation, if come =5 , that 


Was 
is, if p’—4pq + 8r=0. 
Some valuable remarks on Biquadratic Equations by Professor 


KR. 8. Ball will be found in the Quarterly Journal of Mathematics, 
Vol. vi, 1866, 


XIV, STURM’S THEOREM. 


193, In the preceding Chapters of the present work we have 
demonstrated various theorems respecting the roots of equations, 
and have given the algebraical solution of equations of the third 
and fourth degrees, We are now about to enter upon a different 
part of the subject, namely, the methods of finding approximately 
the numerical values of the roots of equations; the present 
Chapter commences this part of the subject by proving Sturm’s 
theorem, the object of which is to determine the situation and the 
number of the real roots of any equation, We shall enunciate 
and prove the theorem in the next Article; we shall then give 
some remarks connected with the theorem, and finally apply it to 
some examples, 


194. Stwrm’s Theorem. Let f(x)=0 be an equation cleared 
of equal roots, and let f(”) be the first derived function of f(a); 
let the operation of finding the greatest common measure of f(a) 
and f, (w) be performed with this modification, that the sign of 
every remainder is changed before it is used as a divisor, and let 
the operation be continued until the remainder is obtained which is 
independent of z, and change the sign of that remainder also. 


Let f,(x), f,(a),--f,,(2), be the series of modified remainders 
thus obtained. Let a be any quantity, and B another which is 


— 
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algebraically greater, then the number of real roots of the equa- 
tion f(x)=0 between a and B is the excess of the number of 
changes of sign in the series f(x), f(x), /,(x),---A,(@), when 
g #a, over the number of changes of sign when x= 8. 


We shall call the whole series f(x), 7, (x), F(x), ---F7, (@); 
Sturm’s functions, and we shall call the series f, (x), 7,(x), ---7,(2), 
the auxiliary functions, so that the auxiliary functions consist of 
Sturm’s functions omitting f(z). 

Let 9,, 9,3+:-%u-,» denote the successive quotients which 
arise in performing the operations indicated; then we have the 
following relations, 


J(@)=9,A,@ -4,@) 
J, (@) =%F2(2) —F,(@), 
F,(@) =9,F,(#) -7,@), 


: (x) a ae (z) aa (x). 


From these relations we can draw three inferences. 


(1) The last of the functions J,,(z) is not zero; for by supposi- 
tion it is independent of « and if it were zero f(x) and f(x) would 
have a common measure, and then the equation f(x)=0 would 
have equal roots by Art. 75, and this is contrary to the hypothesis. 


(2) Two consecutive auxiliary functions cannot vanish simul- 


taneously; for if they could all the succeeding auxiliary functions 
would vanish including f, (z); and this is impossible by (1). 


(3) When any auxiliary function vanishes the two adjacent 
functions have contrary signs. Suppose for example that /, (x) =0; 
then from the third of the above system of relations we have 
f,(2) =—F,(2). 

Now no alteration can be made in the sign of any one of 
Sturm’s functions except when a passes through a value which 
makes that function vanish; and we shall now prove that when 


« passes through a value which makes f(x) vanish one change 


Se ee 
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of sign is lost by Sturm’s functions, and that no change of sign is 
lost or gained in consequence of « passing through a value which 
makes one of the auxiliary functions vanish. 


I. Suppose ¢ a root of the equation f(x) =0, so that f(c) =0. 


Let 1 be a positive quantity. Now f(¢—h) may be expanded 
in powers of h by Art. 10, and h may be taken so small that the 
sign of the whole series shall be the same as the sign of the first 
term that does not vanish, by Art. 14; that is, the sign of f(¢—h) 
will be the same as the sign of —/f,(c) since f(c)=0, The sign of 
J, (¢—h) will be the same as the sign of f,(c) when / is taken small 
enough. Thus if e=c—hand his taken small enough, f(#) and 
S (2) howe contrary signs. 


Similarly, it may be shewn that if x=c+h and h is taken 
small enough, f(x) and f(a) have the same sign, 


Thus as # increases through a root of the equation f(x) =0, 
Sturm’s functions lose one change of sign. 


II, Let ¢ now denote a value of « which makes one of the 
auxiliary functions vanish, for example, f(x), so that f,(c)=0. 
Then f,_,(c) and f,,,(c) have contrary signs, and thus just before 
x=c and also just after «=c, the three terms f_(x), f(x), f.,, (a) 
will present one permanence of sign and one change of sign; for if 
S,_,(a) and f,(a) have the same sign, f(x) and f,, (x) have contrary 
signs, and wice verso. Thus Sturm’s functions neither lose nor 
gain a change of sign when « passes through a value which makes 
one of the auxiliary functions vanish, 


No value of « can make two consecutive functions simul- 
taneously vanish, If two or more vanish simultaneously which are 
not consecutive, then, if f(x) be one of them, it follows by I. that 
a change of sign is lost as « increases through that value, and if f(z) 
be not one of them it follows by II. that no change of sign is lost. 


Thus we have proved that as x increases, Sturm’s functions never 
lose a change of sign except when « passes through a root of the 
equation f(«)=0, and never gain a change of sign. Hence the 
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number of changes of sign lost as a increases from any value a to 
a greater value 8, is equal to the number of the roots of the equa- 
tion 7 (x)= 0 which lie between a and £. 


195. We have shewn that no alteration occurs in the number 
of the changes of sign in Sturm’s functions in consequence of x 
passing through a value which makes one of the auxiliary functions 
vanish ; but alterations may take place, and in general do take 
place, with respect to the order in which the signs + and — are 
distributed among the series of functions. Suppose, for example, 
that @ and 6 are two roots of the equation (x) =0 and that @ is 
less than 6; then (x) and f(x) have contrary signs just before 
x=a and have the same sign just after x=a. Now just before x=b 
the signs of (x) and 7(x) are again contrary. In fact the equa- 
tion f(x) =0 has one root between e=@ and x= 6, and so f\(2) 
must pass from positive to negative or vice versa between «= @ and 
x=b. This transition of (x) from positive to negative or vice 
versa between @ and 8, cannot alter the whole number of changes 
of sign in the series of Sturm’s functions, as we have proved, but 
it does modify the distribution of the signs + and — among the 
series, and thus renders it possible after a change has been lost as 
w increases through a, for another change to be lost as @ increases 
through 0, 


The present Article adds nothing to the proof of Sturm’s 
theorem; but is merely intended to assist a student in the diffi- 
culty which is often felt as to how the changes of sign are lost. 


196. In counting the number of changes of sign in the series 
of Sturm’s functions, it may happen that the value of « which we 
are considering makes one of the auxiliary functions vanish. 
Then it is indifferent whether we ascribe the positive sign or 
the negative sign to the vanishing function, since the signs of 
the functions which precede and follow it are necessarily contrary, 


197. In order to find the whole number of real roots of an 
equation (x)= 0, we may first put —oo for a and then + o forgin 
Sturm’s functions; the excess of the number of changes of sign in 


————— 
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the first case oyer the number of changes of sign in the second 
case is the whole number of real roots. When z is made equal to 
+o or —o the sign of any one of the functions will be the same 
as the sign of the highest power of « in that function. 


198. Let nm denote the degree of f(x); then the number of the 
auxiliary functions f(x), f,(),...will in general also be ; because 
each remainder is generally of one degree lower than the preced- 
ing remainder. We will suppose that the number of auxiliary 
functions is the same as the degree of f(x), and we will suppose 
that the highest power of « in f(a) has a positive coefficient. 


(1) If the first terms in all the auxiliary functions have posi- 
tive coefficients all the roots of the equation /(#) =0 are real. For 
all Sturm’s functions will then be positive when «= +0, and they 
will be alternately positive and negative when «=—w ; thus n 
changes of sign are lost as # passes from —w to+o. 


(2) If the coefficients of the first terms are not all positive, 
there will be a pair of imaginary roots for every change of sign in 
the series formed of these coefficients. For suppose that in this 
series of coefficients there are m changes of sign and ~m con- 
tinuations of sign, Then when 7=+ w there are m changes of sign 
and n—m continuations of sign in Sturm’s functions. Now change 
a2 from +o to —w; then the changes of sign are replaced by con- 
tinuations of sign and the continuations of sign by changes of sign, 
so that for 7=— there are n—m changes of sign, The excess of 
the number of changes of sign when «= — © over the number when 
x=+ is therefore n— 2m; thus there are n— 2m real roots of the 
equation f(a”) =0, and therefore 2m imaginary roots, 

Hence in order that an equation may have all its roots real, it 
is necessary and sufficient that the coefficients of the first terms in 
all the auxiliary functions should be of the same sign, 


199. Suppose that among the auxiliary functions we find one, 
as f(x), which cannot change its sign; then we may disregard all 
the functions which follow it, and count only the number of changes 
of sign in the series f(x), f,(x), J,(”),.-.f,(”). or in the original 
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demonstration of Sturm’s theorem the necessary property of the 
last auxiliary function is that it should not vanish, and as 
J(z) cannot vanish, the demonstration will hold for the series 


S(@) A.(@)s Le) -F,(#)- 


This remark is of practical importance, because the labour 
attending the formation of Sturm’s functions is considerable in 
examples of equations of high degrees, and thus it is useful to 
have a rule which sometimes relieves us from the necessity of 
forming the entire series of functions. 


200. Suppose ¢(x) to be a function which has no factor in 
common with f(a), and suppose that ¢(«) and f,(a) take the 
same sign when any root of the equation /() = 0 is substituted 
for «in them. Then we may use $(«) instead of f (w) and deduce 
the remaining auxiliary functions from /(#) and (x) instead of 
from f(x) and f(z). For on recurring to the demonstration of 
Sturm’s theorem it will be seen that with this new set of functions 
the two fundamental properties are still true, namely, that no 
change of sign is lost owing to the vanishing of any auxiliary 
function, and that a change of sign is lost when f(a) vanishes. 


201. We have hitherto supposed that the equation to be 
treated by Sturm’s method is cleared of equal roots; we shall now 
shew that this limitation is unnecessary, and that the theorem will 
always give the number of distinct roots between assigned limits, 
no regard being had to the repetition of any roots. 


Suppose for example that the root a occurs p times and the 
root 6 occurs g times in the equation f(x) =0. 


Let F(a) = (e— a) (ab) (r= 0) Jove 
then J, (a) =(e- a) (x ~By"'{ p(@—Ble-e)(e~d).. 
+q(x—a)(w—c)(x—d)... 


Link \ 
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Thus («—a)F"'(w— 6)" is the greatest common measure of f(z) 
and f(x), and this expression will divide all the auxiliary func- 
tions f,(x), f,(x),...f,,(2) which are formed as in Art. 194. 


Now let (x) =(x—a)(x—-b)(x—c)(ax—d)... 


and (x) =p (a —b)(a—c) («@—d)... 
+ ¢(«—a)(a—c)(~-d)... 
+ (a — a) (a —6)(a—d)... 


Then ¢(z) is not the first derived function of p(x), for that would 
be what ¢(x) would become if p=1 and g=1; but ¢(«) has the 
same sign as the first derived function of (x), when we make 
x=a, or b, or ¢,... Hence, by Art. 200, we may determine the 
situation of the real roots of the equation w(x) =0 by taking (a) 
and (a) as the first two of Sturm’s functions and forming the rest 
from them. 


But the series of Sturm’s functions formed from f(x) and / (a) 
only differs from the series formed from y(x) and (a) by reason of 
the additional factor (a — a)?~*(#— 6)" in every term of the series, 
Thus when any value is ascribed to x, the signs of the terms in 
the former series will all be the same as those of the latter, or all 
contrary; and thus the number of changes of sign will be the 
same. 


Hence by examining the series of Sturm’s functions formed 
from f(a) and f,(«) we can ascertain how many of the roots of 
the equation y(x)=0 lie between assigned limits, that is, how 
many distinct and separate roots of the equation f(x) = 0 lie be- 
tween those limits. | 


Thus we need not apply the test for equal roots before we 
apply Sturm’s method; in fact, in calculating Sturm’s functions 
we shall be warned of equal roots if they exist by the fact that the 
last remainder will-be zero. 
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202. We may observe that in the operation by which all the ~ 
auxiliary functions after the first are found, we may always mul- 
tiply or divide the divisors or dividends by any positive number 
we please, as in the operation of finding the greatest common mea- 
sure; for the auxiliary functions thus only become multiplied or 
divided by positive numbers, so that their signs remain un- 
changed. 


We may by Sturm’s theorem determine the number of real 
roots of any proposed equation. Then, by substituting successive 
integers for x in the series of Sturm’s functions, we can determine 
between what consecutive integers the roots lie; or if it is found 
that more than one root lies between two assigned integers, we 
can substitute for x successively fractions which lie between those 
integers, until we at last determine intervals between which the 
roots lie singly. 


203. We will now take some examples. 


Suppose f(x) = a*°— 3a?- 4x%+13=0. 


Here J, (x) = 3x? 6a — 4, 
Se (x) = 2x - 5, 
fe (oye; 


The roots of the equation are all real by Art. 198. The following 
is the series of signs corresponding to the values of 2 indicated. 


(ev) file) Fe) F,(@) 
— _ + 


+ + + + 


ower. © 


+ 
= = + 
+ + + 


Here there are two changes of sign when x= 2, and none when 


«= 3; thus there are two positive roots between 2 and 3, and no 
other positive roots. 
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It will be found that when x=— 3, the succession of signs is 
—+—+, and when «=— 2 it is ++—4, so that one change of sign 
is lost in proceeding from — 3 to — 2, and therefore the negative root 
lies between —2 and —3. To separate the two roots which lie be- 
tween 2 and 3 we should substitute for some number or numbers 
lying between 2 and 3. Suppose, for example, we put «= 24; then 
the succession of signsis -— 0+, and thus we have only one change 
of sign, whether we consider the 0 to carry the sign+or—-. Thus 
a piace of sign is lost in proceeding from 2 to 24, and therefore 
one root lies between 2 and 24; hence the other root lies between 
24 and 3. 


7 


Again, suppose f(x) = a*— 6x°+ 5u°+ l4e—4=0. 
Here SF, (a) = 20° — 9a? + 5a +7, omitting a factor 2, 
J, (x) = 172?— 57a —-5, 
J, (@) = 1520 — 457, 
J, (x) =+. 
In this example it will be found that the calculation of f, (a) 
is somewhat complicated; it is sufficient for our purpose however 


to know the sign, and thus when we ascertain that it is positiwe 
we need not calculate it exactly, but merely put down f, (a) = +. 


The roots of the equation are all real by Art. 198. 


The following is the series of signs corresponding to the values 
of x indicated. 


F(@) A, ©) Ss I @) S{*) 


—2 + + ' 
; -1 - = + - + 
0 - + - =- + 
1 + + -— ~ + 
2 Ee a ee ee Me « 
3 + - = = + 
4 + + + + + 


There is one change of sign lost between — 2 and — 1, one be- 
tween 0 and 1, and two between 3 and 4, 


ey) 9 
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If we put 34 for x the succession of signs is — 0 +++, and thus 
there is only one change of sign, so that one root of the equation 
lies between 3 and 34; therefore another root lies between 34 
and 4, 


Again, suppose 7 (x) = 2a*-132°+ 102-49 =0. 
Here J\(&) = 4a°— 132 +5, omitting a factor 2, 
F(x) = 182"— 15x + 98. 


Tt is easy to see that the roots of the equation A(x) =0 are 
imaginary, that is, {(@) cannot vanish for any real value of @; 
therefore by Art. 199 we need not obtain any more of Sturm’s 
functions in this example, When «=—0o the succession of signs 
is +—+, and when «=+ 00 the succession of signs is +++ ; thus 
the equation has two real roots and two imaginary roots. One of 
the real roots is positive and the other negative by Art. 21. 


XY. FOURIER'’S THEOREM. 


204. Sturm’s theorem constitutes the complete solution of a 
problem which has engaged the attention of many of the most 
eminent mathematicians during the last two hundred years; this 
theorem was published in the volume of Mémoires présentés...... 
par des Savanis Ktrangers, Paris, 1835. 


Among those who attempted the solution of the problem 
before Sturm two are deserving of especial notice, Budan and 
Fourier; the methods of these two mathematicians start from a 
theorem which English writers usually call Fourier’s theorem, and 
which French writers connect with the name of Budan as well as 
with that of Fourier. Fourier’s work on equations was published 
in 1831 after the death of the author; Budan published a work 
on the subject in 1807. There is evidence however that Fourier — 
had given the theorem in a course of lectures delivered before the 
publication of Budan’s work. We will now enunciate and prove 
the theorem, 
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205. Fourier’s Theorem. Let f(x) be an algebraical function 
of the n™ degree; let f(x), f,(«),...f,(2) be the successive derived 
functions of f(x). Let a be any quantity and B another which 
is algebraically greater; then the number of the real roots of 
the equation f/(~)=0 between a and B, cannot be greater than 
the excess of the number of the changes of sign in the series 
S(*), F,(&), F,(2),--.f,(#), when «=a, over the number of the changes 


of sign when x =f. 


We shall call the whole series f(x), f(x), f,(2),... f(x), Pourier’s 
Junctions. 


No alteration can occur in the sign of any one of Fourier’s 
functions except when « passes through a value which makes that 
function vanish, We shall now have four cases to consider, 


I. Suppose when «=c that f(x) vanishes and that f(a) does 
not vanish. Put c—h for « where h is a positive quantity; then 
h may be taken so small that the sign of f(c —h) is the same as 
that of —Af(c), and the sign of f.(c—h) the same as that of /,(c) ; 
see Art. 14. Thus if s=c—h and h is taken small enough, f(z) 
and f, (x) have contrary signs. 


Similarly it may be shewn that if «=c+h and h is taken 
small enough, f(a) and f(x) have the same sign, 


Thus as « increases through a value c, which is an unrepeated 
root of the equation /(x) =0, Fourier’s functions lose one change of 
sign. 

II. Suppose when x=c that f(x) vanishes and also the de- 
rived functions f(x), f,(x),... up tof,_,(x), and that f(x) does not 


vanish, Put c—A for x where h is a positive quantity; then h 
may be taken so small that the signs of the series of terms 


S(c-h), f(c-h), f(c-h),...f,le-h), S(e-h) 
shall be respectively the same as the signs of the series of terms 


(AYA), (MOL), (ML) —W)s FL); 
9—2 
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see Arts. 10 and 14. Thus if a=c—A and / is taken small enough, 
the first x + 1 of Fourier’s functions present * changes of sign. 


Similarly it may be shewn that if e=c+h and fh is taken 
small enough, the first *+1 of Fourier’s functions present no 
change of sign. 


Thus as @ increases through a value c which is a root of the 
equation f(x) =0 repeated r times, Fourier’s functions lose r 
changes of sign. 


III. Suppose when w=c that one of the derived functions 
vanishes, but neither of the two adjacent functions; thus let / («) 
vanish when w=c but neither f_(@) nor f.,,(x). Then if & is 
taken small enough, when w«=c—A the signs of the three terms 
J_,(x), £#(w), £#,,(), are respectively the same as the signs of 
F_,(¢), —24.,,(¢),4.,4,(e), and when «=c¢+A the signs are the same 
as the signs of /*_,(c), Af, ,(c), £,4,(¢). Thus if f_,(c) and f., ,(c) 
have the same sign, Fourier’s functions lose two changes of sign as 
# increases through c, and if f_,(c) and f,,(c) have contrary 
signs Fourier’s functions neither gain nor lose a change of sign. 


IV. Suppose when w=c that several successive derived func- 
tions vanish; for example, suppose when w=c that the m fune- 
tions f(x), F.44(®))--Acm—(%) Vanish, and that f ,(x) and f,,,(x) 
do not vanish. By proceeding as before, and supposing A taken 
small enough and positive, we shall obtain the following results 
with respect to the m+2 terms, f_ (x), £.(2),0 Fo gmar(®@)> Foaon()s 


(1) Let m be even, If /f_\(c) and f,,,(c) have the same sign, 
the terms present m changes of sign when #=¢ —h, and no change 
of sign whenw=c+h. If f_\(c) and #.,,,(c) have contrary signs, 
the terms present m+ 1 changes of sign when w=c—A, and one 
change of sign when a=c+h, Thus in both cases Fourier’s func- 
tions lose m changes of sign as @ increases through ¢, 


(2) Let m be odd. If f_\(c) and f,,,,(c) have the same sign 
the terms present m-+1 changes of sign when a=¢—h, and no 
change of sign when @=c+h, Thus Fourier’s functions lose m+ 1 
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changes of sign as # increases through e. If f_,(c) and f,,,,(c) have 
contrary signs, the terms present m changes of sign when «=c—h, 
and one change of sign when «=c+h, Thus Fourier’s functions 
lose m— 1 changes of sign as x increases through c. 


Thus on the whole Fourier’s functions never gain a change of 
sign, but they do lose one change of sign when x increases through 
a root of the equation f(~)=0; and thus the theorem is proved. 


206. It will be observed that the demonstration of Art. 205 
gives us something more than the enunciation to which for sim- 
plicity we confined ourselves. For it appears that whenever an 
alteration occurs in the number of the changes of sign of Fourier’s 
functions, except by reason of the variable increasing through a 
root of the given equation, an even number of changes of sign is 
lost. Thus on the whole we have the following result if we sub- 
stitute successively a number a and a greater number f in Fourier’s 
functions. 


(1) Suppose that Fourier’s functions lose no change of sign; 
then no root of the given equation lies between o and f. 


(2) Suppose that Fourier’s functions lose an odd number of 
changes of sign; then we are certain that some odd number of 
roots lies between a and f, but cannot tell what odd number, ex- 
cept when only one change of sign is lost, and then we are certain 
of one root. 


(3) Suppose that Fourier’s functions lose an even number of 
changes of sign; then we can only infer that there is either no 
root or else some even number of roots between a and f. 


207. The advantage of Fourier’s theorem is that it can be 
easily applied, because the successive derived functions of a given 
function can be immediately formed. The disadvantage of the 
theorem is that it may require an almost unlimited number of 
trials. For if two roots are very nearly equal, it would require 
very minute subdivision of an interval in which they were con- 
jectured to lie, in order to distinguish them from two imaginary 
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roots. It would be necessary to apply the test for equal roots 
before beginning Fourier’s process, as otherwise an even number of 
repeated roots might remain undiscovered. 


208. Budan and Fourier both gave methods for examining a 
doubtful interval more closely in order to discover whether roots 
of the proposed equation were or were not situated in the interval. 
But it is unnecessary to explain these methods since Sturm’s 
theorem attains the proposed object with simplicity and certainty. 


209. It may be shewn that Descartes’s rule of signs is 
included in Fourier’s: Theorem. 


Suppose that (a) =0 is a complete equation. 


If we put x=0 in Fourier’s functions the signs are the same as 
the signs in the expression f(x) taken from right to left; and if 
we put «=o in Fourier’s functions the signs are all positive. 
Hence, by Fourier’s theorem, the equation /(x)=0 cannot have 
more positive roots than /(«) has changes of sign. 


If the proposed equation be not complete, we may suppose the 
absent terms supplied with zero coefficients, and such signs may be 
ascribed to these coefficients as to make Fourier’s functions have 
the same number of changes of sign when these terms are counted 
as when they are omitted. 


The part of the rule of signs which relates to the negative 
roots can be deduced from that part of it which refers to the posi- 
tive roots; see Art. 63. 


210. Fourier’s theorem also includes the rule given by New- 
ton for finding a superior limit to the positive roots of an equa- 
tion; see Art. 94. For if f(x)=0 be the equation, Newton’s 
method directs us to find 2 such that when a=/ Fourier’s func- 
tions are all positive; and then by Fourier’s theorem no roots of 
the proposed equation exist between w=h and x=+0., 
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XVI. LAGRANGE’S METHOD OF APPROXIMATION. 


211. We have already shewn how the commensurable roots 
of an equation may be found; we shall now consider how the 
approximate numerical values of the real incommensurable roots 
may be calculated. 


By Sturm’s theorem we can always determine how many roots 
lie within a given interval, and we may then divide that interval 
into smaller intervals within which the roots lie singly. Suppose 
then that we know that an equation has one root dnd only one 
between two given quantities a and B, and we wish to approxi- 
mate to the value of this root. If we substitute any quantity y 
which is intermediate between a and B for x in f(x), we shall 
know by the sign of f(y) whether the root lies between a and y 
or between y and B. Suppose it to lie between a and y; then we 
may substitute for « a quantity 5 which lies between a and y, and 
we shall know by the sign of f(6) whether the root lies between 
a and 8 or between 6 andy. This process may be continued to 
any extent, and we may approximate as closely as we please to 
the numerical value of the root; for by each operation we can 
thus halve the interval within which the root must lie. 


The operation here described would however be very laborious 
and methods have been proposed for attaining the required result, 
with less calculation. We shall first explain Lagrange’s method. 


212. Let f(«)=0 be an equation which is known to have 
one root, and only one, between two consecutive positive integers 


aanda+1, Putx=a+ is and substitute this value of x in the 
¥ 


proposed equation; thus f (« + 7) =0. If we clear this equation 


of fractions, we obtain an equation in y of the same degree as the 
original equation in x; denote it by #(y)=0. This equation in y 
has only one positive integral root, since the original equation in x 
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has only one root between a and a+1. We may then determine 
the consecutive integers between which the value of y must li, 
by substituting in $(y) successively the values 1, 2, 3,... until 
two consecutive results are obtained which are of contrary signs. 
Suppose it is thus found that y lies between 6 and 6+1. Put 


1 
y=br+ : , and substitute; thus AG + 5) =(0. Hence, as before, 


we obtain an equation in which the unknown quantity has only 
one positive root, and we may determine the consecutive integers 
between which the value of z must le; let these be ¢ andc+1. 


1 
Then put Fab dog and so on. 


Thus we shall obtain the required value of x to any degree of 
approximation in the form of a continued fraction, namely, 


213. Next suppose that the equation /(x)=0 has more than 
one root lying between the integers a and a+1. By Sturm’s 
theorem, or by some other method of separating the roots, we 
may determine by what number the roots of the equation which 
lie between the same two consecutive integers must be multi- 
plied in order that the products may lie between different con- 
secutive integers. Transform the equation into another whose 
roots are those of the proposed equation multiplied by the number 
thus determined; and then the method of the preceding Article 
may be applied to the transformed equation. 


Or we may adopt the method of the preceding Article with- 
out effecting this transformation. In this case the equation in y 
will have more than one positive root and we must seek the 
greatest integer in each root, and then proceed to the separate cal- 
culation of the several resulting values of z It may happen that 
the equation in y has more than one root between certain consecu-. 
tive integers; then the equation in z may be used to discriminate 
them, and the calculation of each root continued; and so on. 
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214. From the given equation f(x)=0 we deduce f (a + 5) =10, 
that is, supposing f(x) of the degree n, 


Wri ee On, LE) 1 f(a) _9. 
UR lO ary. 9 oe B ea @ Ox 


multiply by y* and we obtain 


YF (a) Westie Vim olan OO <0. 

Thus in order to form the equation in y we must calculate the 
numerical values of f(a), f(a), f”(a),...; these~ calculations 
may be performed in the manner explained in Art. 5; but, as we 
have stated in Art. 11, the best method will be explained here- 
after in the Chapter on Horner’s method. A similar remark 
holds with respect to the formation of the equation in z. 


By referring to Arts. 54 and 58, we see that Lagrange’s 
method of approximation may be thus stated. Suppose a root of 
an assigned equation to lie between a@ and a+1, diminish the 
roots of the equation by a, and take the reciprocal equation. 
Find a root of the last equation lying between integers 6 and 
6+1, diminish the roots by 6, and take the, reciprocal equation. 
Find a root of the last equation lying between integers ¢ and 
¢+1, diminish the roots by ¢, and take the reciprocal equation. 
Proceed in this way. Then the continued fraction 

1 
a+ —_— 


b+ : 
CH... 


is a root of the original equation. 


_ 215. Example. «°-2x-5=0. 


By Art. 108, this equation has only one real root, and by 
_ Art. 20, this root must be a positive quantity; it will be found 
on trial to lie between 2 and 3. 
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Assume x = 2 +3 then 
J (2) = 2%-2.2-5=-1, 
f'(2)= 3.97-2 =10, 
1/P'()=" = 3.2 26, 
and the equation in y is —y* + 10y’°+6y+1=0, that is, 
Ploy? 6y-1=0, say $(y)=0. 


Here y=10 makes ¢(y) negative, and y=11 makes ¢(y) 
positive; therefore the required value of y must lie between 10 


and 11. Assume y= 10 = then 
(10) =10°-10. 107-6. 10-1 =- 61, 
¢'(10)= 3.10°-20.10-6 =94, 
$$¢”(10) = 3.10-—10 = 20, 
and the equation in z is — 612°+ 9427+ 202+ 1=0, that is, 
61l2°— 942°- 202-1=0, say y(z)=0. 
Here z= 2 makes y(z) positive, so that the required value of z 
must lie between 1 and 2. Assume z=1+ = then 
w(1)=61. 18-94. 17-20.1-1=—- 54, 
W(1)= 183.1°-188.1-20 =-25, 
sy"(1)= 183. 1-94 = 89, 
and the equation in w is — 54u°— 25u?+ 89u + 61=0, that is, 
54u>+ 25u*?— 89u—-61=0. 
This equation shews that the value of « must lie between 1 


and 2; and we may proceed as before. 


Hence ea 2+ 
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The convergents corresponding to this continued fraction are 
eel. ome 44 


I’ io’ ae See Algebra, Chapter xiv. The difference 
44 1 
bet — i eee 
etween > and the real value of the root is less than 31 (@leil)’ 
; 1 
that is, less than 673° 


For another example take the equation #°-—7a+7=0. By 
Art. 108 this equation has all its roots real; and by Sturm’s 
theorem it may be shewn that one root lies between 1 and 13, and 
that another root lies between 14 and 2. Therefore if we put 


, 


a= 5 and form an equation in # this equation will have one 


root between 2 and 3, and one root between 3 and 4. The equa- 


me | , 
tion in a’ is (5) —75+7=0, that is, a 28x'+ 56 =0. 


The root which lies between 2. and 3 will be found to be 
1 
1 
Oe 


2+ 


The root which lies between 3 and 4 will be found to be 


The roots of the original equation will be obtained by taking 
half of each of these values. 


Or we may apply Lagrange’s method to the original equation 


without any preliminary transformation. Assume #=1+ : ; thus 


(1 +iy a7 (2 +2) +7=0. This will give °—4y?+3y+1=0, 
say $(y)=0. Here (1) is positive, (2) is negative, and $(3) is 


positive; thus one value of y must lie between 1 and 2, and the 
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other between 2 und 3. Then we may put y=1+ 2 in order to 


: in 
continue the approximation to the first root, and y=2+ 5 in 
order to continue the approximation to the second root. ; 


The equation «*—-7a+7=0 has one negative root; we may 
find it by changing « into —# and calculating the positive root 
of the resulting equation, that is of the equation 


(-2)*—7 (-a) +7=0. 


Or since the sum of the three roots of the equation #°—7x+7=0 
is zero, when two of the roots are calculated approximately the 
third can be immediately found approximately. 


216. If in following Lagrange’s method we arrive at an equa- 
tion which has an integer for a root, we obtain a finite continued 
fraction as a root of the original equation, that is, we obtain a com- 
mensurable fractional root. This of course cannot occur if we have 
previously determined all the commensurable roots both whole and 
fractional of any proposed equation, and removed the corresponding 
factors by division. 


217. It may happen that in following Lagrange’s method we 
arrive at an equation which is identical with one of those which 
preceded it; in this case the quotients of the continued fraction 
recur, so that the continued fraction is a periodic continued frac- 
tion and its value can be found by solving a quadratic equation; 
see Algebra, Chapter xtv. The roots of this quadratic equation 
will involve a quadratic surd, and both of the roots will be roots of 
the proposed equation by Art. 44. 


218. We will here give the general process which has been 
exemplified in Art. 215 in the second method of treating the 
equation #*—7a+7=0, The object in view, is to apply Lagrange’s 
method of approximation when a proposed equation has more than 
one root between consecutive integers. Let f(«)=0 be the pro- 
posed equation; form the aumiliary functions f(a), f,(x), f,(x),... 
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which occur in Sturm’s theorem, stopping when one is obtained 
which is positive for all values of x; see Art. 199. Suppose that 
more than one root of the proposed equation lies between the 


ae 1 : : 
consecutive integers aanda+1. Puta Be x in the functions 


J («), f,(a), f,(a),..., and denote what they become respectively by 
Fy), Fy), #{y),.-. Tf in the latter series of functions we sub- 
stitute successively any two numbers, as 6 and 6 + 1, the difference 
of the numbers of the changes of sign in the two cases will give us 
the number of roots of the equation /'(y)=0 which lie between 
band 6+1. For the results which we obtain by substituting } 
and 6+1 in Py), L(y), ,(y),---, are the same as those we should 


in the series 


1 
b b+1 
J (x), f(a), f,(@),...; and therefore the difference of the numbers of 
the changes of sign must be equal to the number of the roots of the 


: ed ce : 1 
obtain by substituting respectively a+—and a+ 


equation /(a)=0 which lie between a ne and a+ o , that is, to 


the number of the roots of the equation /’(y)=0 which lie between 
band 6+ 1, 


If then we find that more than one value of y lies between 
the consecutive integers b and b+1, we substitute 6 Be: for y 


in the series F'(y), /’,(y), F,(y),.-.; then, by giving two consecutive 
integral values successively to z and substituting them we can 
determine whether more than one value of z lies between two 
consecutive integers. 


We proceed in this way until we obtain an equation which has 
only one root between consecutive integers; and after that we need 
not pay any regard to Sturm’s functions but continue the calcula- 
tion for this particular root by the method of Art, 212. 


Thus we are able to separate the roots and can calculate them 
without any omissions, 

As we do not require to know the values, but only the signs 
of L(y), L(y), F,{y), », we may in all cases multiply these 
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functions by such powers of y as will clear them of fractions; for ¥ 
is supposed to be a positive quantity, and therefore any power of y 
is positive. Thus, for example, instead of /’(y), that is, instead of 


f(a + 5) » we may use 
ai pip ye 1 nn 
yf(a)+y" f(a) + saree (a) +... + ee (a), 
. supposing that f(x) is of the degree n. 


XVII. NEWTON’S METHOD OF APPROXIMATION 
WITH FOURIER’S ADDITIONS. 


219. We shall now explain Newton’s method of approxima- 
tion to the numerical value of a root of an equation. 


Let f(x) =0 be an equation which has a root between certain 
limits a and 8 the difference of which is a small fraction; let ¢ be 
a quantity between a and 8 which is assumed as a first approxi- 
mation to the required root, and let ¢+ denote the exact value 
of the root, so that / is a small fraction which is to be determined. 
Thus /(c +h) = 0, that is, by Art. 10, 


S(c) +f" (c) + a f'(c)+ fre) ae a f(y 20. 
* iS im 


Now since / is supposed to be a small fraction h’, h°,... will be 
small compared with h; if we neglect the squares and higher 
powers of / in the above equation we obtain f(c) +f’ (c) =0; thus 


hoo 

J'(¢) 
Supposing then that we thus obtain an approximation to the 
value of h, we have c — ao as a new approximation to the root 


of the proposed equation. Denote this new approximation by C., 
and then proceeding as before we obtain c, — an as a new ap- 
c 
1 
proximation; and so on. 


We shall presently examine more closely the conditions which 
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must hold in order that this method may be safely applied. It is 
of course obvious that such examination is necessary, since the pro- 
cess is not universally applicable; for if /’(c) is small compared 
with f(c) the supposed approximate value of f is not a small 
fraction as it should be. 


220. As an example of Newton’s method we will take the 
equation which Newton himself selected, namely, «*— 2%—5 =0, 
say f(x)=0. Here x=2 makes f(x) negative, and x=3 makes 
J (x) positive, so that a root of the equation f()=0 lies between 
2 and 3. Again, = 24 makes f(x) positive, so that the root lies 
between 2 and 24; also «=2:2 makes f(x) positive; thus the 
root cannot differ from 2°1 by so much as ‘1. Suppose then 
¢=2:1; then 


AS re Le DOT eon ; 
SOS lear ea alas ca as WE. ou 0054 nearly ; 


thus c, = 2:0946 nearly.. 


Then for a new approximation we have 


c, 26%) = 6, — 00004852 nearly = 2-09455148 nearly. 
J'(¢,) 
221. This process is very simple in theory and not difficult in 
practice; but it is not of certain success unless some precautions 
are taken which we shall presently explain. For suppose that ¢ 


J() 


is an approximate value of the root, and that ¢,=¢ — Fi)’ we are 


not sure without further investigation that c, is nearer than ¢ to 
the real value of the root. In the preceding example, after we 
had ascertained that there was a root between 2 and 2:2, we 
assumed 2:1 as a first approximation and deduced 2°0946 as a 
new approximation. But we are not sure as yet that 2°0946 is 
nearer to the root than 2:2; if however we put 2°] for « we 
find that f(x) is positive, and thus the required root must lie 
between 2 and 2-1, and now we know that 2°0946 is nearer than 
2:2 to this root. But we do not know even now that 2:0946 is 
nearer to the root than 2:1. If we put 2:0946 for x we find 
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that f(x) is positive, and this shews that the root lies between 
2:0946 and 2; thus 20946 is nearer to the root than 2-1. 


222, Fourier has given a rule by which we are saved the 
trouble of such repeated examinations as we have exemplified in 
the preceding Article; this rule guarantees the success of New- 
ton’s method when certain conditions are satisfied. Fourier’s 
supplement to Newton’s method depends upon a property of the 
first derived function of a given function, which we will now 
prove. 


223. Ifqaandé are any two quantities, some quantity \ inter- 
mediate between a and 0 exists, such that 


F(o)-F (a) = (6-2) fA). 
For let F(a) denote f(x) — f(a) — iat ae f(a) then F(z) 


vanishes when =a and also when x=6. Therefore by Art. 102 
the equation F’(x)=0 has a root between a and 6. And, by Art. 11, 


F' (x) =f" (x) — oe aUac ; hence some quantity A intermediate be- 


tween a and 6 must exist, such that ’()) a =; there- 


fore f (b) — f(a) = (b- a) f(A). 

224. Suppose that 6 is greater than a: then / (0) is algebrai- 
cally greater or less than f(a) according as f’(d) is positive or 
negative. If /’(x) is positive between «=a and x=), then /’(A) 
is necessarily positive, and if f’(a) is negative between a= a and 
x=, then f’(A) is necessarily negative. 

Hence we have the following result; if f’(«) is constantly posi- 
tive through any interval, f(#) increases with # through that 
interval, and if /’(x) is constantly negative, f(x) decreases as x 
increases through that interval. By the increase or decrease of 
J (x) we mean algebraical increase or decrease. We may however 
state our result thus; if /’(«) retain the same sign through any 
interval, then as x increases through that interval f(a) increases 
numerically when it has the same sign as f(x), and decreases 
numerically when it has the contrary sign. 
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225. We shall now enunciate and prove Fourier’s rule. Let 
J («)=0 be an equation which has one root and only one between 
a and £; and suppose that the equation /’(a)=0 has no root 
between a and @, and also that the equation /” («) = 0 has no root 
between a and 8; then Newton’s method of approximation will 
certainly be successful if it be begun and continued from that limit 
for which f(x) and f” (a) have the same sign. 

It follows from our suppositions that f(«) changes sign once 
and only once between a and £, and that /’(x) and f”(x) do not 
change sign between a and B. We will suppose B—a to be 
positive. 


(1) Suppose that f(x) and f(x) have the same sign when 
«=a, Take a for the first approximation; then Newton’s second 


approximation is o- . Let a+ denote the true value of 
a 
the root; then f(a+h)=0. Now by Art. 223, we have 
S(a+h)—f(a)=hf'(A), where 2d lies between a and a+h; thus 
h PAGE and the true value of the root is a — F(a) . We have 
J (A) J'(A) 
then to shew that 0-28 is nearer than a to the true value 
a 
of the root. Since h/ is necessarily a positive quantity, f(a) and 
J’ (A) are of contrary signs, and f(a) is of the same sign as f(a), 
and therefore f’(A) and f(a) are of contrary signs. Hence /’ (a) 
decreases numerically as « increases between a and f£, by Art. 224, 


so that /’(A) is numerically less than /’(a); therefore — aa 


is a positive quantity which is numerically less than the positive 


quantity — ant This shews that Newton’s second approxima- 
tion is nearer to the true value of the root than the first approx- 
imation. 
Let a, =a— OM then f(a,) and f”(a,) have the same sign. 
or aiaic) i 
and the approximation can be continued from a,. 


Tee: 10 


146 NEWTON'S METHOD OF APPROXIMATION 


(2) Suppose that (x) and /”(#) have the same sign when 
x=. Take £ for the first approximation, then Newton’s second 


approximation is Bsr Let B+h denote the true value of 
the root; then #(8+h)=0. Now, by Art. 223, we have 
F(B +h) —F(8) =A" (A), where A lies between 8 and B+; thus 
A= -7{ . We have then to shew that 8 - 78 
B to the true value of the root. Since h is necessarily a negative 
quantity, (8) and /’(A) are of the same sign, and (8) is of the 
same sign as 7”(8), and therefore #’(A) and "(8) are of the same 
sign. Hence (x) increases numerically as & increases between 
a and £, by Art. 224, so that 7*’(A) is numerically less than /’ (8). 
J (8) 
J’(8) 
than the positive quantity ae . This shews that Newton's 
second approximation is nearer to the true value of the root than 
the first approximation, 


Let £,= 6-59; 


and the approximation can be continued from £.. 


is nearer than 


Therefore 


is a positive quantity which is numerically less 


then /(8,) and /”(8,) have the same sign, 


226. The preceding Article shews that the conditions given 
by Fourier are sugfictent to ensure the success of Newton’s method 
of approximation. When these conditions are satisfied, and the 
approximation is begun and continued from that limit for which 
J (x) and /”(x) have the same sign, we obtain a succession of 
values, which continuously increase up to the real value of the 
root or diminish down to it, according as the limit from which we 
start is less or greater than the true value of the root. We will 
now briefly shew that Fourier’s conditions are necessary. 


If we start with an assumed value c, Newton’s second ap- 


proximation corrects this by adding — , While the true value 


FC) 
P°(¢) 


(e) 


of the root would be obtained by adding ees Hence the 


F(A)" 


IEE EET ES Oy Sn DT Ee! ee ee en) Oe ey | aT a ee) eT a) Te ae TTT 
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permanence of sigu of /’(x) is necessary in order that we may be 
sure that /’(c) and f(A) have the same sign; if these quantities 
do not have the same sign the Newtonian correction has the wrong 
sign, and Newton’s second approximation is further from the true 
value of the root than the first approximation. 


The permanence of sign of f”(x) is necessary in order to en- 
sure that /’(A) is numerically less than f/’(c). If this is not the 
case the Newtonian correction is numerically greater than the 
true correction, and thus, supposing the correction to be of the 
right sign, the true value of the root lies between Newton’s first 
and second approximations, In this case Newton’s second approxi- 
mation may be nearer to the true value of the root than the first 
approximation, but is not necessarily so. 


227. In the example of Art. 220, it may be shewn that the 
equation f(x) =0 has only one root between 2 and 2:1, and that 
the equations /’(x)=0 and f”(x) =0 have no roots between these 
limits; also f(x) and f(x) are both positive when #=2'1. 
Hence the Newtonian approximation will certainly succeed if it 
be begun and continued from the limit 2:1, 

For another example take the equation «—7z+7=0, say 
Jf (z)=0. It may be shewn by trial that the equation has one 
root between 1°3 and 1°4; the equations /’(z) =0, and f” (x) =0, 
have no roots between these limits; also f(x) and f/”(x) are 
both positive when x=1°3. Hence the Newtonian approxima- 
tion will certainly succeed if it be begun and continued from the 
limit 1:3. 


228. We will now shew how to estimate the rapidity of the 
approximation. Suppose ¢ to be the approximate value of the 
root which has been obtained at any stage of the process; then 


the true value of the root is ¢— J(¢) , 80 that the numerical value 


70 

of the error at this stage is aay which we will denote by 7. 
; ; S (c) 

The next approximate value will be ¢— Fe)’ and now the nu- 


10—2 


— 


148 NEWTON'S METHOD OF APPROXIMATION 


£0 _ FO sic LOL 
FUT O'. n 
And by Art. 223, we have f’(c)—/'(A)=(c—A)/” (zu), where 
(— F"n)- 


‘ Pa 
p. lies between c and 4; thus the error is F7(e) 


lies between c and the real value of the root, so that e—A is less 
rf” (u) 
7) 
value which f(x) can take between the limits considered be 
divided by the least value which /’(x) can take, and denote the 
quotient by g; then the error is a fortiori less than g7*. 


merical value of the error is 


than 7; hence the error is less than 


Let the greatest 


For example, in Art. 220, the root lies between 2 and 2:1. 
Thus to find g we divide the value of 6% when 2 =2:-1 by the 
value of 3a°— 2 when x= 2; therefore g=1-26; and as q is nearly 
unity, the number of exact decimal places in the approximation 
will be nearly doubled at each step. 


229. The student who is acquainted with the elements of the 
application of the Differential Calculus to the theory of curves, 
will find it easy to illustrate geometrically Fourier’s rule for con- 
ducting Newton’s approximation. 


Suppose PQF to be a part of the curve determined by the 
equation y=/(x). Then we may be supposed to know OM and 
ON, and to require the value of OQ; that is, we require to know 
the point where the curve cuts the axis of a. 


At the point P it is obvious that f(x) is negative if Oy be the 
positive direction of the axis of y; and f(x) is also negative at 
P, since the curve at P is convex to the axis of x Draw the 
tangent P7'; let OM=a, then MT = ~ Fe, as is known by the 

a 
Differential Calculus; so that, starting from M the Newtonian 
approximation proceeds to 7. And as 7’ falls between UV and Q 
it is obvious that the method succeeds in this case, and that the 
approximation can be continued from 7’, 


ae erew » oe) een ee 


nal age 
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At the point R we have f(x) positive and /” (x) negative. 
Draw the tangent KS; then, starting from V the Newtonian ap- 
proximation proceeds to S, and S and WV are on apposite sides of Y, 
Moreover there is no security that QS is less than QV, and there 
is no security that the approximation can be continued from S. 
Thus the approximation cannot be safely begun from J, 


The student may easily illustrate by figures the condition that 
J'(x) and f” (a) should retain an unchanged sign between the 
limits considered. 

If however, in any example, we know that VS is less than 


NM we may start from J, as the point S will then fall between 
Q and MY, and the approximation can be continued from 5. 


. S(B) 
J'(B) 
B-a. Messenger of Mathematics, Vol. 111. page 40. 


Let OV =£; then we may start from WV i is less than 


th di 
itd i ae 
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XVIII. HORNER’S METHOD. 


230. We shall now explain the method of approximating 
to the numerical value of a root of an equation which was in- 
vented by the late W. G. Horner. 


For the history of this part of the subject we refer to a memoir 
by Professor De Morgan in the Companion to the Almanac for 
1839, 

Let f(x)=0 be any equation ; then f(a +a) =0 is an equation 
the roots of which are less by a than the roots of the first equation. 
The equation (a+) =0 becomes when developed 


faraf'(re TO es + eA Ono, 


Now the essential part of Horner’s method consists of a pro- 
cess by which the coetlicients of the last equation may be system- 
atically and economically calculated ; we have already observed ~ 
that such a process will be useful; see Arts. 11, 54, and 214, 


231. Suppose, for example, that 
J (x) = Ax’ + But + Cx? + Da? + Het F ; 
then f(a) =Aa’+ Ba*t+Ca*®+ Da? + Eat F, 
J’ (a) =5Aa*t+4Ba'+ 3Ca*?+ 2Da+ EZ, 


sf) =10Aa*+ 6Ba? + 3Ca + D, 


1 
ry J’ (a) =10Aa*?+ 4Ba+C, 


te 
1 reer 
ipl (a) =5Aa+ B, 


(1) We may calculate f(a) in the manner explained in © 
Art. 5, thus ; : 


Tt te din, 
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A =rAS 
Aat+B =P say, 
Pa+C=Aa?+ Ba+C =Q say, 


Qa+D=Aa’+ Ba’? + Ca+ D=R say, 
Ra+H = Aa‘ + Ba’ + Ca’? + Dat+ H=S8 say, 
Sa+F= Aa’ + Ba'+ Ca? + Da? + Fa+ F=f (a). 


Here each line is obtained by multiplying the preceding line 
by a, and adding on in succession the terms B, C, D, £, L. 


(2) Wemay now calculate /’(a) in the same way as f(a) was 
calculated, using A, P, Q, &, S in the same way as A, B, C, D, L, F 
were used ; 


A = A, 

4a+ P=2Aa+B=T say, 

Ta+ Q =3Aa’?+2Ba+C =U say, 

Ua+ h=4Aa’ + 3Ba’+20a+D= JV say, 
Va+S =5Aa‘*+4Ba’ + 30a? + 2Da+ HL =f" (a). 


(3) We may now calculate 4/”(a) in the same way as f(a) 
and f’(a) were calculated, using A, 7, U, V; 


A =A, 

Aa +7 =34a+ B= W say, 
Wa+U=6Aa?+3Ba+C=X say, 
Xa+V=10Aa'+6Ba' + 3Ca+D=} f(a). 


(4) We may now calculate B J’” (a) in the same way, using 
A, W, X; 
A a7 
Aa+W=4Aa+B=Y say, 


Ya+X=10Aa?+4Ba+C= f”() 
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1 wy = ° 
(5) We may now calculate at (a) in the same way, using 


Aand Y; 
A =A, 


Aa+Y¥=5Aa+B =a h"(o) 
1 wen 
(6) Lastly, A 3 Wi Ela): 


The above process may be conveniently arranged thus ; 


uA. B 6) D E F 
Aa Pa Qa Ra Sa 
P @ R 5. Fe 
Aa Ta Ua Va 
T TU Bs SF‘ (a) 
Aa Wa AG 
WwW ond Toe. 
eee (a) 
Aa Ya 
avi 1 


Aa 
av") 


The quantity under any horizontal line is obtained by adding the 
two quantities immediately over the line. 

We have thus shewn Horner’s process of forming the coeffi- 
cients of the equation f(a+x)=0 when the equation is of the 
Jifth degree ; we will hereafter prove that this process is applicable 
whatever may be the degree of the equation, We will give a 
numerical illustration of the process and then explain the use of 
the process in approximating to the root of an equation. 

For a numerical illustration suppose a=2 and 


J (x) = 305 — 2° + 4a? + 5a — 8, 


; 
; 
‘ 
4 


4 
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3 0 -—1 +4 +5 -8 

6 12 22 52 114 
6 11 26 57 106 
6 24 70 192 

12 35 96 249 

_6 36 142 

18 71 238 
6 48 

“24 119 
6 


30 
Thus f (2 + «) = 3x°+ 30x*+ 119u°+ 238a°+ 249” + 106. 


232. Suppose, for example, that we have an equation with a 
root lying between 300 and 400; form a second equation the roots 
of which are less than those of the first equation by 300, so that 
the second equation has a root lying between 0 and 100. By 
trial let the greatest multiple of 10 which is contained in this 
root be found; suppose it to be 70; form a third equation the 
roots of which are less than those of the second equation by 70, 
so that the third equation has a root between 0 and 10. By 
trial let the greatest integer which is contained in this root be 
found; suppose it to be 2; form a fourth equation the roots of 
which are less than those of the third equation by 2, so that the 
fourth equation has a root lying between 0 and 1. By trial let 
the greatest number of tenths which is contained in this root be 
found; suppose it to be 8 tenths; form a fifth equation the roots 
of which are less than those of the fourth equation by °8, so that 
the fifth equation has a root lying between 0 and ‘1. By trial 
let the greatest number of hundredths which is contained in this 
root be found; suppose it to be 7 hundredths. 

Now suppose that ‘07 is exactly a root of the fifth equation; 
it follows that 372°87 is exactly a root of the first equation. 

Next suppose that ‘07 is not exactly a root of the fifth equa- 
tion; then it follows that an equation exists the roots of which 
are less than those of the first equation by 372°87, and which 
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has a root lying between 0 and ‘01. Thus the first equation has 
a root which lies between 372°87 and 372-88, 


Thus we see how by a series of operations of the kind given 
in Art. 231, we either arrive at the exact value of the root of 
an equation, or we may approximate to it as closely as we please. 


233. In the preceding Article we have stated that certain 
numbers must be found by trial; we shall now shew that we 
can easily guide ourselves in these trials. Let /(#)=0 be the 
proposed equation, and suppose that by one or more operations 
we have derived the equation which has its roots less than those 
of the proposed equation by ¢, that is, suppose we have formed 
the equation f(¢c+x)=0, and suppose that this last equation 
has a small root. Then c is an approximate value of a root of 


the original equation; hence by the preceding Chapter ¢ — f°) will 
J'(¢) 
be in general a nearer approximation to that root, Thus — F(¢) 


J) 
is an approximate value of the number which we want in order 
to continue the operation, 


234. Example. Let /(a) = 2a*°-—4732°-234e-711. It 
will be found by trial that /(200) is negative and (300) positive, 
so that the equation /(«)=0 has a root between 200 and 300, 
We proceed to diminish the roots by 200. 


RON) aye ~ 934 —711 (200 
400 ~ 14600 — 2966800 
eS — 14834 — 2967511 
400 65400 
327 50566 
400 
727 


Hence the equation which has its roots less than those of — 
fix) =0 by 200 is 2a*+ 727x°+ 50566e — 2967511 =0; so that 
J (200) =— 2967511 and £’ (200) = 50566. 
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J (200) . pea? duit 
Hence — F (200) is more than 50. We then proceed to dimi- 
nish the roots of the equation just given by 50, 
2 727 50566 — 2967511 (50 
100 41350 4595800 
827 91916 1628289 


We thus find that 50 is too large a number, for we have 
J (250) = 1628289 a positive quantity, while f(200) is negative ; 
so that the root we are seeking is less than 250. In fact, in 
guiding ourselves in the manner explained in Art. 233 we are 
liable to select too large a number for trial, especially in the early 
part of the operation ; a similar failure occurs sometimes in the 
ordinary process of extracting the square root of a number, 


We then try 40. 


2 727 50566 ~ 2967511 (40 
80 32280 3313840 
807 82846 346329 
Thus 40 is also too large, for (240) is positive. We then try 30. 
2 727 50566 ~ 2967511 (30 
60 23610 2995280 
787 74176 ~ 742931 
60 25410 
847 99586 
60 
907 


Thus f (230)=— 742231 a negative quantity, so that 30 is the 
right number, 


Hence the equation which has its roots less than those of 
S (#) =0 by 230 is 247+ 9070'+ 99586” — 742231 =0. 


, JS (230 . 
Here f’ (230) = 99586 so that - Fisat =7 approximately. 
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We proceed then to diminish the roots of the equation just 
given by 7. 


2 907 99586 — 742931 (7 
14 6447 742231 ; 
921 106033 0 


This shews that /(237)=0; so that 237 is « root of the ~ 
original equation. 


The whole operation is usually exhibited thus; , 
Dee 478 — 234 = 71b{ 237 

400 — 14600 — 2966800 
-~73 — 14834 —2967511* 
400 65400 2225280 
“327 50566* —742231¢ 
400 23610 742231 
727* 74176 ; 

60 25410 

787 99586+ 

60 6447 
“847 106033 

60 

907+ 

14 
‘921 


Here the mark * shews where the first part of the operation 
ends, and the mark + shews where the second part of the operation 
ends. 


235. We will now take an example of an equation which 
has no commensurable root. Let f(x) =2°—3a°—2v+5. It will 
be found by trial that /(3) is negative and f(4) positive, so that 
the equation /(x)=0 has a root between 3 and 4. The following 
will be the operation for approximating to this root as far as 
three places of decimals, 


———s 
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Pees) -2 5 (3-128 
3 0 =a6 
x ap -1* 
3 9 761 
3 7* — 239+ 
3 61 167128 
6* 761 ~ 071872 
‘1 62 068273152 
61 823+ ~ 003598848 
1 1264 
6-2 83564 
1 1268 
“6:3t 848324 
02 050944 
6:32 8534144 
02 051008 
6°34 8585152 
02 
6:36t 
008 
6368 
008 
6°376 
008 
6:384 
Here to find the second figure of the root we have aos so 


i 
that *1 is the nearest number to be tried; to find the third figure 


so that ‘02 is the nearest number 


— 239 
of the root we have — 595? 
to be tried; to find the fourth figure of the root we have 


~ 
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— ‘071872 
~ 84832” 
all these cases the number suggested is found to be correct. 


so that ‘008 is the nearest number to be tried. In 


236. As another example take the equation given in the pre- 
ceding Article, and approximate to the root which it has between 
land 2. The operation is usually exhibited thus ; 


1 a _2 5 (1:2016 
1 ae =e 
mS =) 1600* 
1 Sy ~992 
eat ~500* 8000000+ 
i 4 — 4879399 
o* — 496 3120601000¢ 
2 8 — 2927060904 
2 ~ 4880000+ 193540096 
2 601 
4 — 4879399 
2 602 
600t  —487879700¢ : 
1 36216 
601 — 487843484 } 
1 36252 : 
602 ~ 487807232 i 
1 : 
6030 3 
. 
6036 3 
6 ; 
q 
6042 : 
6 H 
6048 . 
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The difference between this arrangement and that in Art, 235 
arises from the fact that it is usual in practice to omit the decimal 
points, just as they are omitted in the process for extracting the 
square roots of numbers approximately, The following rule with 
respect to the decimal part of the root will be sufficient. When 
all the whole figures of the root have been found and the decimal 
part of the root is about to appear, annex one cipher to the right 
of the first working column, two ciphers to the right of the second 
working column, three ciphers to the right of the third working 
column, and so on if there are more than three working columns ; 
then proceed completely through one stage of the operation as if 
the new figure of the root were a whole number. “Then annex 
ciphers again as before. 


It will be observed that after the 2 in the root the next figure 
considered as an integer would be approximately given by 

8000 
~ = 48800 


root and we annex another cipher to the first working column, 


, and this is less than unity; so a cipher is put in the 


two more to the second working column, and three more to the 
third, and proceed as before. The ciphers will serve to distin- 
guish the several stages of the operation, so that the marks* tt 
may be omitted. 


It is obvious that in all the preceding examples the first work- 
ing column might have been shortened by performing in the head 
the easy work which occurs, and putting down only the results, 
but we have thought it clearer to exhibit the whole for the 
student. 


237. After a certain number of figures in the root have been 
found correctly, an additional number may be obtained by a con- 
tracted operation. We will exemplify this by calculating the 
positive root of the equation «*+32°-2e-5=0. We will first 
perform the operation at full until five decimal places of the root: 
have been determined. 


160 


699015 
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112867000000 
3495025 


112870495025 


3495050 


112873990075 


—5 (1:33005 
r) 


_— 


— 3000 
2667 


— 333000 
332337 

— 663000000000 

564352475125 


The rule for contracting the operation is the following ; strike off 
at every step one figure from the right of the last column but one, 
two figures from the right of the last column but two, and so or. 


We will now resume the example just considered and apply 
this contracted process. 


wv 3 
4, 


HORNER’S METHOD. 161 


1 699015 112873990075 — 98647524875 (1°33005873 
55921 © 90299639432 
11287454929 — 8347885443* 
55921 7901261018 
11287510850* — 446624425+ 
489 338625624 
1128751574 — 107998801 
489 
11287520637 
ae 
112875208 - 
Ditre 4 
112875210 


At the point where the full operation terminated we have 8 sug- 
gested for the next figure; we then reject 5 from the end of the 
last working column but one, and 15 from the end of the last 
working column but two, The first step in carrying on the work 
is to multiply 6990 by 8, and put the product in the next working 
column; the product is considered to be 55921, because we con- 
ceive 69901 multiplied by 8 and the last figure struck off, and so 
55921 is nearer than 55920 to the true value. Then we add 
55921 to 11287399007 ; the figure in the units’ place of the sum 
we take to be 9 by allowing for the rejected 5. The mark * indi- 
cates where the first stage of the contracted operation finishes. 
Now strike off 0 from the end of the second working column and 
90 from the end of the first working column, so that the first work- 
ing column is reduced to 69. The next figure of the root is 7, and 
this stage of the operation finishes where the mark f is put. 
Strike off 3 from the end of the second working column and 69 
from the end of the first working column. The first working 
column now disappears, but still exercises a slight influence be- 
eause the next figure in the root is 3, and when 69 is multiplied 
by 3 and two figures rejected there remains a 2. 


40, 10 1 
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Only two working columns are now left; the remainder of the 
work coincides with the ordinary process of contracted division, 
and it will supply eight more figures in the root. 


11287521,0 —107998801 (1°3300587395679825 


101587689 
1128752,1 ~ 6411112 
5643761 

112875,2 ~ 767351 
677251 

11287,5 ~ 90100 
79013 

1128,7 — 11087 
10158 

112,8 —929 
902 

11,2 Soy 

11 a 


The approximation may be relied upon very nearly up to the 
last figure. For if the whole operation were performed at full, 
the last working column would present a large number of figures 
on the right-hand side of those here exhibited, but those which 
are here exhibited would retain their places without alteration 
except perhaps the exchange in some lines of the last figure for 
another differing from it by unity. 


238. The root found in the preceding Article is the numeri- 
cal value of the negative root of the equation a*— 3a°—2x04+5=0. 
Hence the sum of the roots found in Arts, 235 and 236 should 
exceed the root found in Art. 237 by 3; because the sum 
of the three roots of the equation with their proper signs is 3. 
This will be found to hold approximately; and the student may 
exercise himself in carrying on the approximations to the two 
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positive roots to more places of decimals than we have given, in 
order to verify more clearly the connexion between the sum of 
those two roots and the root calculated in Art. 237. 


239. Various suggestions have been offered with the view of 
saving labour in the use of Horner’s method. With respect to 
such suggestions we may quote the following remarks which occur 
in connexion with one of them. “But considering that the 
process is one which no person will very often perform, we doubt 
whether to recommend even this abridgment. All such simplifica- 
tions tend to make the computer lose sight of the uniformity of 
method which runs through the whole; and we have always found 
them, in rules which only occur now and then, 4fford greater as- 
sistance in forgetting the method than in abbreviating it.” Penny 
Cyclopedia, article Involution. 


240. In Art. 231 it was stated that it would be proved that 
Horner’s method of forming the equation f(a+z)=0 is uni- 
versally true. We will now consider this point. 


Tet f(x)=pe tp + pg *+...+p, £+D,, 
for « put y+, and suppose that f(x) then becomes 


GS +O + 9+ + +O Y Fe 


we have to prove that ¢,, 7,_,,---%) J,» are found correctly by 
Horner’s process. It is obvious that g,=p,. Since y=az-a the 
following expressions are identically equal, 


perp a+ pgs r+ ...+p, L+D,, 


and q,(@—a)"+9,(2- a)" '+9,(4-a@)"*+...+9,_,¢-4) +9, 


Therefore g, is the remainder that would be found on dividing 
J (2) by z—a; also the quotient arising from this division must be 
identically equal to 


qo(e—a)"""+ g,(e—a)"*+9,(@— a)" "+... + 9,-,- 


11—2 
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Then again g,_, is the remainder that would be found on di- 
viding the last expression by «-—a; also the quotient arising from 


this division must be identically equal to 
q(x — a)" *+q, (e@— a)" *+9,(e—a)**+...+ 9,9 
Then again g,_, is the remainder that would be found on di- 


viding the last expression by x—a; also the quotient arising from 
this division must be identically equal to 


q(x — a)""°+ g,(@ —a)""*+9,(w—a)°+...+9,_55 
and so on. 


Thus 9,5 9,1) Go» Ung -*: are the successive remainders 
which occur in dividing, first f(x) by a—a, then the quotient by 
z—da, then the new quotient by x—a; and so on, And we see 
by Arts. 5, 7, and 9 that Horner’s process determines these succes- 
sive remainders. 


241. We have thus sufficiently discussed the subject of the 
approximate values of the real roots of equations. There is no easy 
practical method of calculating the imaginary roots of equations 
at present known; but theoretically this may be made to depend 
on what has been already given. For suppose a+6,/—1 is an 
imaginary root of an equation f(x)=0; then since the real and 
imaginary parts of f (a+ 6,/—1) must separately vanish, we obtain 
two results, which we may denote by P=0 and Q=0, as in 
Art. 41. Here P and Q will be functions of a and 8, and if we 
eliminate a or 6 from the equations P=0 and (J=0, we obtain a 
single equation involving one unknown quantity; and we require 
real values of this unknown quantity. Hence we can determine the 
imaginary roots of a given equation if we can form a certain other 
equation and determine its real roots. We shall hereafter shew 
how to form the equation which results by eliminating one of two 
unknown quantities from two given equations. 


We shall in Chapter xxr. explain another method which has 
been used for calculating the imaginary roots of equations. The 
student may also consult Dr Rutherford’s essay on the Complete 
Solution of Numerical Equations. 
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XIX. SYMMETRICAL FUNCTIONS OF THE ROOTS. 


242. A function of two or more quantities is said to be a 
symmetrical function of those quantities if the function is not 
altered when any two of the quantities are interchanged. 


Thus, for example, a? + 6’+c? is a symmetrical function of the 
three quantities a, 6, c; so also is ab+be+ ca; for each of these 
functions is unaltered when we interchange a and 6, or wand ¢, or 
b and c. 


243. The coefficients of an equation are symmetrical func- 
tions of the roots of the equation. ; 


For by Art. 45, if the equation be 2" +p,0"'+p,2" "+... =0, 
we have 
—p,=the sum of the roots, 


p, = the sum of the products of the roots taken two at a time, 


and so on; and it is manifest that the functions of the roots which 
occur here are symmetrical functions. 


The object of the present Chapter is to shew that every rational 
symmetrical function of the roots of an equation can be expressed 
in terms of the coefficients of that equation. We shall begin with 
proving Newton’s theorem for the sums of the powers of the roots 
of an equation. 


- 244, Let f(x) denote x*+p,0"'+ pc" "+ ...+p,, and let 
a, b, c, d,... denote the roots of the equation f(x) = 0. 
Let S,=at+b+ce+d+..., 
S,=0+0+e?+a'+..., 
8,=0+B++d +..., 
and so on; thus §, is the sum of the roots, S, is the sum of the 


squares of the roots, S, is the sum of the cubes of the roots, and in 
general S,, is the sum of the m™ powers of the roots, 
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ee 74 we have 
ie ee ee 


leery x-b “—e 
fA? 


The divisions indicated on the right-hand side of this identity 
can all be exactly performed by Art. 7; and we have ell 


tp ae aes 


and similar expressions hold for = sacs “ AG ees 
—¢ 


+ (a"+p,a""' + p,a™ 


By addition then we obtain 


aE te 


J’ (#) = nx" + (S, + np,)a"~? + (S, + pS, + mp,) v** + 


+(S,,+p,S,,,+p,5,, 9+ + mp, arm + 0. 
Also (0) = na“ + (n= l)pya"*+ (0 2) pot? + 
+(n—m) parm" +, 
Equate the coefficients of the same powers of @ in the identity ; 
thus 
S,+np,=(n—-1)p, or S,+p,=0, 
S,+ pS, + nps=(n—2) p, or S,+p,8, + 2p,=0, 


and generally 


Sr t+P Sn + PoSpig t + + 2p, = (N—M) p,,, 


ies Th | m—2 


or St P Sy + DySiy_g + +++ +P S, + mp,, = 0. 


m—2 


In this general result m is supposed to be less than n. 


By means of the general result we can express the sum of the 

" powers of the roots in terms of the coefficients and the sums of 

inferior powers of the roots ; and thus by repeated operations we 

may express the sum of the m™ powers of the roots in terms of the 
coefficients only. 
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Next suppose that m is not restricted to be less than n. 
Multiply the given equation f(a) =0 by 2"; thus 2" f(z) =0, 


that is, "4+ pa + pa +... +p a" * =0. 


Substitute for « successively a, b, c,... and add the results ; 
thus 
C178 +p Str. +98, =O, 


By this theorem we can express the sum of the m* powers of 
the roots of an equation in terms of the coefficients and the sums of 
inferior powers of the roots when m is not less than 1; and thus 
by repeated operations we may eapress the sum of the m”™ powers 
of the roots in terms of the coefficients. - 


Practically the following is a very convenient method. We 
have 


7-22. £0) JO 


therefore 


f(z) «w-a «“2-b “ue 


ea (1-2) (1 -*ys (i -£)" mn 


af'(2) x ee, 


fee f S, S, 
=n + + Bett 


Thus, if we actually divide zf’(x) by f(x), the coefficients of 
the terms in order will be 7, S|, S,,-... The division may be 
advantageously performed in the manner explained in the Algebra, 
Chapter LVIII. 


245. ‘To find the sum of the negative powers of the roots of 
the equation f(x)=0, we may put ; for x and find the sum of the 


corresponding positive powers of the roots of the transformed equa- 
tion in y. 
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Or we may make m successively equal to n -1, n—2, n—-3,... 
in the result of the preceding Article; and thus obtain suc- 
cessively S_,, S_,, S_g-+-- 


246. The general problem of finding the value of any rational 
symmetrical function of certain quantities may be reduced to the 
problem of finding the value of certain simple functions, as we 
shall now shéw. 


Any rational symmetrical function which is not integral will 
be the quotient of one rational symmetrical integral function by 
another ; so that only integral functions need be considered. Any 
rational symmetrical integral function which is not homogeneous 
will be the sum of two or more rational symmetrical integral func- 
tions which are homogeneous; so that only homogeneous functions 
need be considered. A homogeneous function may consist of 
different parts in which although the swm of the exponents remains 
the same, the exponents themselves are different; in such a case 
the homogeneous function is the sum of two or more homogeneous 
functions of the same degree in which the exponents are the same 
for all the terms. 


Hence it follows that we need only consider such rational 
symmetrical functions as are integral and homogeneous, and in 
which the exponents are the same for all the terms. 


247. Let a, b, c, d,... denote the roots of a given equation. 


By Art, 244 we can express in terms of the coefficients the 
value of 


OO LI0 eres 


This function may be said to be of the first order, since each 
term involves only one of the roots, 


A function may be said to be of the second order when each 
term involves ¢wo of the roots, as 


a" OF + ach HON + 25: 


Here every permutation is to be formed of the roots taken two 
at a time, and the exponent m placed over the first root and p over 
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the second. We shall denote this function by 3a”0’, as it is the 
sum of all the terms which can be formed like a”. 


A function may be said to be of the third order when each term 
involves three of the roots, as 


a”b’c!+ ac?d? + a" b?d' +... 


Here every permutation is to be formed of the roots taken three 
at a time, and the exponent m placed over the first root, p over 
the second, and g over the third. We shall denote this function by 
Xa"b’c?, as it is the sum of all the terms which can be formed like 
a” bret. 


Similarly we may have functions of the fourth and higher 
orders, and may use a similar notation to represent them. 


Since we have shewn how to express the function denoted by 
S,, in terms of the coefficients of the equation it will be sufficient to 
shew that any of the functions we have to consider can be expressed 
in terms of such functions as S_.. 


248. To find the value of the symmetrical function of the 
second order Za™b?. 


We have S =a" +b" +0" +..., 
S,=a +P +e? +.... 
By multiplication we obtain 
ae = die Pe teh PEt ae, 
+a"? + ac? + ba? +...3 
that is, SS, = Sngp + 200", 
and therefore 3a"b?= SS, —S,,, 5 


This supposes that m and p are unequal. If we suppose p 
equal to m the terms in 3a”b? become equal two and two, so that 
this sum may be expressed thus, 2% (ab)"; and therefore 


23 (ab)" = S_2-S,,. 
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249. To find the value of the symmetrical function of the third 
order Xa™b?ct, 
We have Sab? = ab? + bc? + a"cP+..., 
Sp=Ha' + OF +8 + 20. 
By multiplication we obtain 
Sab? = a™ 4 + B80? + c™ Ma? +... 
+ abt + bP *4 + c™aPtt +... 
+ a"bPol + ... 
The terms on the right-hand side form three sets, which in our 
notation are denoted by Sa”*%b’, Sa?*%b", Sab’c’; thus 
8,300? = Sa *9b? + SaP*™ + Sa™b?e!. 
Substitute for Sab’, Sa"*!b’, and Sa?*!b™ their values from 
Art, 248, and we obtain 
sabe! = SSS, — Sng pS — Sing Sp — Spain + 28, 


P+I~m mt+P+ 7° 


We have supposed m, p, g all unequal. Suppose, however, 
that m=; then, as in Art. 248, we have 


23 (ab)"c! = S25, — 8,8, -— 25,05, + 28 


m+I-m 2m+q° 
If m=p=gq, the sum Sa"b?c! reduces to 2. 3% (abe)"; thus 
6% (abe) = S$ — 38, S,, + 25, 


The method of this and the preceding Article may be con- 
tinued to any extent, and thus a function of any order like 
a"d’ and Sa"b’c! may be expressed in terms of the coefficients. 


Hence by Art. 246, the object proposed in the present Chapter 
can be attained. 


250. We have shewn how the function denoted by §, can 
be expressed in terms of the coefficients; and thus of course the 
sum of any number of such functions as S,, can be so expressed. 
The following method will, however, be generally more advan- 
tageous in such a case. If $(~) denote any rational integral 
function of #, it is required to express in terms of the coefficients 


the sum $ (a) +9 (6)+(c)+... 


=e 
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We have ote eee 
P(x) F(x) _ (2) | d(x) , = 
if (@) ee web 

419-419 , $1940) , 66-400, 


w—-a a x—C 


b(a) , (6) +20), 


PEE fe ag 


therefore 


In this identity the integral parts and the fractional parts will 
be separately equal; also such expressions as He) are in- 
tegral by Art. 7. Let (x) f’(x) be divided by f(x), the process 
being carried on until the remainder is an integral function of x 
of lower degree than f(a); let & be this remainder. Then by 
considering the fractional parts of the identity we have 
R__ 910) 90) , 9 , 
f(t) “w-a a oy 
Multiply up; then 


Raa” {$(a) + $(b) + 6(c) + Bh 


+ terms involving lower powers of x than 2” 


—1 
Thus $(a) + $(6)+¢(c) +... is equal to the coefficient of x*~* in &. 


251. As an example of the formule of this Chapter suppose 
it required to find the sums of the powers of the roots of the 
equation et — a — Ta? +0+6=0. 

S,=- p=, 

S,=— pS, - 2p,=14+14=15, 

S,=—p,S,—-pJS, - 3p,=15+7-3=19, 
S,=—p,S,—p,5,—p,8,-4p, = 194+105- 1-24= 99, 
S,=—-P,S,-pS,-P,S,-pS,= 99+1383-15- 6=211, 
S,=—P,S,—PS,—pS,—-pS_= 211 + 693 — 19 - 90 = 795, 

and so on, 
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Put : for x in the given equation; then 
¥ 


y+ evs 59+ 5H 0. 


Thus for the sums of negative powers of the roots of the 
original equation we have 


1 
nes -&§ 

1 eee © Set See 
Syn 5 Sa? (-3) 5 56 


and so on. 
These results may be easily verified, as the original equation has ~ 
been constructed so as to have for its roots — 2, —1, 1, 3. | 
Again, suppose we require the values of S,, S,, S, and S, in the 
biquadratic equation 
a+ part gar+rxt+s=0. 
S,+p=0, therefore S,=—p, 
S,+pS,+2q=0, therefore S,=p* — 2q, 
S,+ pS,+qS,+3r=0, therefore S,=—p(p* — 29) +pq —3r 
=—p +3pq—-3r, 
S,+pS,+qS, +78, + 4s=0, 
therefore S,=— p(—p* + 3pq —3r) — 9 (p*— 2) + rp — 48 
= p*—4p’¢ + 4rp + 29° — As. 
As another example, let a, 8, y, 8 denote the four roots of the 
biquadratic equation a*+ pa* +ga°+ra+s=0; 
1 1 1 
let A = 3 (aB + y8), B=s (ay + 88), C=5 (a8 + By); 


and let it be required to find the value of the following sym- 
metrical functions of the roots of the biquadratic equation, 


(1) 4+B+0, 
(2) AB+BC+C4, 
(3) ABC. 
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(1) A+ Be Ons 3 (0B + ay + 0b + y+ f+ p)=$ : 
(2) AB+ BO + OA =1 (fy + p+...) =4 ify 


_- £(S,'S,-5-25,9,+25,); by the method of Art, 249. 
‘Then the values of 5S,, 5, 5, ma 3, may be substiputed which 
have already been obtained, and the value ff | ify will be 
known. Or we may proceed thus, 
a 
Saty= 29 apypxe. 
az And afy=s, and 25 =" ~ 4, by Art. 48; 


therefore AB + BO + CA =} (yr — 44). 


ABC =F (eps. + kf +...) = LE + ELOY. 


The values of these two symmetrical] fonctions may te found 
by the methods of the present Chapter directly; or we may ab- 
breviate those methods thus, 


Xa fyb = afhy8Eal = 2 (p" ~ 2), 
Lift = 0/82 5-0 (5-7), 
_ for to find 35 we have only to obtain the sum of the squares 
of the roots of the equation in y which is formed by writing * for 2 


; Thus ABO =5 (7 + 9's—492), 


The values of the functions of A, B, C which have been found 
y be verified; for A, B, C, by Art. 189, are the roots A the 
equation in m in Art. 188. 
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XX. APPLICATIONS OF SYMMETRICAL FUNCTIONS. 


252. In the present Chapter we shall give two applications of 
the theory of symmetrical functions of the roots of an equation ; 
the first application will consist in forming the equation which has 
for its roots the squares of the differences of the roots of a given 
equation, and the second application will be to prove an important 
theorem in elimination, 


253. To form the equation which has for its roots the squares 
of the differences of the roots of a given equation. 


Suppose the given equation to be of the n™ degree, and 
denote its roots by a, 0, c,..... Then the roots of the required 
equation will be (a —6)’, (a— 0)? ,---(b—c)’,... ; the number of these 
is the same as the number of combinations of z things taken 2 ata 


time, that is, : n(m—1); and this number will therefore denote the 


degree of the required equation. Put m for : n(n —1), and suppose 
that the required equation is denoted by 
a" + giao" + go" 8+... tq = 0. 
Also let s, denote the sum of the r" powers of the roots of this 


equation. We have only to determine s,, s,,...8,, and then the 


coeflicients of the required equation will be found in succession by 
the formule of Art. 244, namely, s,+¢,=0, s,+9,s,+2¢,=0, and 
So on. 


Let (x) = (a — a)” + (a — 6)” + (@ — cc)" + 
then 28. = (a) + (bd) + h(c) + 


Now let 5,, S,, S,,... denote the sums of the powers of the roots 
of the given equation ; thus 
(x) = na — IS a? 4 ee eS se BM ae tl. 


ar 
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Put for x in succession a, 0, c,... and add; thus 


Denes ce 7 rd) 


1 ane 1.2 SS,-97 oe $08,,. 


The terms on the right-hand side which are equidistant from 
the beginning and the end are equal; therefore by rearranging 
and dividing by 2 we obtain 


2 = 
8, =n8,,— 2r8S PENET ap 


1° 2r—1 BE ji " 2 SS, 


er-2°~—~«** 


2r—-1)...(7 
ate ie 1y ri dle 


|r 


Now S,, S,,... can be expressed in terms of thé coefficients of 
the given equation; thus s_ can be found, and then finally the 
coeflicients of the required equation. 


254. The last term of the required equation, namely that 
denoted by g,, in the preceding Article, may be calculated in another 
way. Let the given equation be denoted by f(x) =0, so that 


J (x) = (a@— a) («@ —6)(a—-c)... 

Then /’(«)=(«—b)(a@—c)... + (e—a)(e—c)...+...5 

thus J’ (a) =(a—6)(a—c)..., 
J’ (6) =(6-—4) (6-0)... 

Hence g,,=/’ (a) f(b) f’(c).... 

Now let a, £, y,... be the roots of the equation /’(z)=0; then 
J (@) = n(@ —a)(@— B)(@—y)--- 5 
therefore ST’ (a) f' (0) f'(e).-- 
=n" (a—a)(a—f)(a—y) ... (6-—a) (b-B)...(c—a).... 
But (a@—a)(6-a)(c—a)...=(-1)"f(a)..., 
(2-8) (b-B)(e-B)..-=(-1)"F(B).-. 


and so on; 
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thus f(a) f"(O)F' (0). = HI Fe) FB)F) -- 
=n" f(a) f(B)F(y)--+ 
for (—1)"*-9=1. 
Now f(a) f(8)f(y)--. is a symmetrical function of the roots 
of the derived equation /’ (x) = 0, and may therefore be calculated. 


255. In Art. 109 we have explained one use which we may make 
of the equation whose roots are the squares of the differences of 
the roots of a proposed equation; namely, we may thus determine 
the situation of the real roots of the proposed equation. But 
Sturm’s theorem now answers this purpose more readily. However 
the equation which has for its roots the squares of the differences 
of the roots of a proposed equation will sometimes on inspection 
give information respecting the number of imaginary roots in the 
proposed equation ; for it is obvious that if this new equation can 
have negative roots the proposed equation must have imaginary 
roots; and if the new equation has no negative roots the proposed 
equation has no imaginary roots. Also if the new equation has 
imaginary roots the proposed equation must have imaginary roots ; 
it will not however follow that if the new equation has no 
imaginary roots the proposed equation has none. For example, 
the proposed equation might be a biquadratic equation with roots 
+\,/-1 and +,/—1; in this case the new equation will only 
have real negative roots. 


Tt will be convenient to give the product of the squares of the 
differences of the roots in algebraical equations of the second, 
third, and fourth degrees. 


(1) ax’ + 2bu+c=0. 
The product is =o =a) ; 

a 
(2) e+ paer+ga+r=0. 


By Art. 60 the product is 


i 
a7 {(2p° - 9pq + 27r)’+ 4(38q - pty : 
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If the equation be 


ax? + 3ba? + 3cx +d =0, 
this becomes — = {(26" — 3abe + a’d)’ + 4(ac— on} ; 
or more symmetrically 


é “1 {(d- bo)? — 4 (8? — ac) (c — bd) \ 
(3) + ga’ +ra+s=0. 
By Art. 187 the product is 
(a? = jeiaya (8? =e Vy (7° re aye 2 
where a’, 8’, y’ are the roots of a certain cubic. 


Hence the product is 
es a {(2r0 729 + 29%)? —4(q? +128)? } 
If the equation be 
aus + 4ba* + 6ca? +4da+e=0, 
this becomes by Art. 187, 
256 


— {(ae —4bd + 3c*)’— 27 (ad? + eb’ +c? — ace — 2bed)*} < 
a 
256. Weshall now shew how to eliminate one of the unknown 
quantities from two equations containing two unknown quantities, 
by the theory of symmetrical functions. 


Let the equations be 


m—2 


pert pe + pen +... +p, =9, 
and qt + qj + gg +... + g,= 9. 


The coefficients 2, P,, Poy++» Yor Vs Gare» are supposed rational 
integral functions of a quantity y, and « is to be eliminated. 


Tees 12 
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Muppows that from the first of these equations the values of x 
could be found in terms of yy let these values be denoted by 
( b &oc. Substitute thom in the second equation, and we obtain 
m oquations for determining y, namely 


qt” + qa +90" + += 0, 
qo" 4 qb" “Ne qo" +i tg = Q, 
go" + got & gett + tq = 0, 


. 
SHEER RRR eRe Rete eee 


40 that all admissible values of y are contained among the roots of 
these equations, And conversely any root of any one of these 
equations is an admissible value of y For suppose, for example, 
that the tirst of these equations has a root 8, and suppose, when 
B ix put for y in a, that the value is a; then w=a, y= will 
watinty the two original equations, For these values obviously 
satiaty the second equation ; and the first equation is satistied by 
wea, whatever y may be, and is therefore satisfied when we take 
wea and give to yin @ the value 8, Hence it follows that by 
wultiplying together the left-hand members of the above equations 
in wy and equating the product to sero we obtain the final equation 
iny. Now in this product no alteration is made by interchanging 
any two of the quantities a, de ..., so that the product is a 
aymmernioad fencéion of these quantities, and the value of it can 
thorofore be expressed in terms of the coefficients p,, P,. Py... of 
the first equation, ‘Thus we shall finally obtain a rational integral 
equation in y, and this equation has for its roots all the admissible 
values of y and no others, 


257, Fora partioular example, suppose that the first equa- 
tion is a cubic in a, and the second a quadratic in a, so that we 
have to eliminate & thom the equations 

: rere ) : 
pe + pa? + pet po =O, and gee? +¢.e4¢, = 0, 


where tho cveflicionts are supposed functions of y. Here with the 
notation of the preceding Article we have 
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(G0 + 9,4+ 9.) (1 + 4,5 + 9.) (1 + 4,64 7,) =9, that is, 
de +9, the + 9,000 + 9,4, 20Y + 9,4, 20V 6 + 934 
+90 ¢ 24 * Vlg 2 + Uf, 2 be + 9 Gb =O, 
2 
Also che=-™, de ="2,, 
p Ps 


6 


Sift’ =< ata le = Ba (Es, pte ¢ 
a2; Pi Pz é 


Sa We = whe Sah = — "2 pp =P | 
Ps 2 


6 


She = wheka att F 


6 
Sa? = abes 2 Ps (PiPs _ 3) , by Art, 44, 
5 Ps \ PP 
And by substituting these values we shall obtain the equation 
which results from the elimination of z. 


258. If we eliminate one unknown quantity bAwen to 
equations of the degrees 1 ond nu respectivdy, Ie dyre of 4 
resulting equation will mot exceed, tu0. 


Let the equations be 

Ppl + PO FIM + oes 4 Dy =Y, 

Qf YMA GL OF veers +9, 290; 
the coefficients in these equations are supposed to be functions of 
_ y. Moreover it is now supposed that the sum of the exponents 
of « and y in the same term is never greater than m in the first 
equation, and never greater than mw in the second equation ; 
so that p, and g, may be of the degree p in y, but not higher, 

12—2 
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Now suppose that « is eliminated by the method of Art. 257; the 
first member of the final equation in y then consists of a series of 
terms, each of which is the product of m factors, and is of the 
form g.a"~" x 9,b""*x ge" ‘x... And as we know that the series 
of terms forms a symmetrical function of a, }, c,..., the aggregate 
of the terms with the exponents just indicated will be 


92% v1 BAO Fe"... 


Now the degree of ¢.79,... is not higher than r+s+#+..., 80 
that we have only to shew that the degree of Sa" b"“‘c"*... is 
not higher than n-—r+n—s+n-—t+..., and then it will follow 
that the degree of the product is not higher than mn. The re- 
quired result follows from two observations. (1) From the formule 
of Art. 244, it can be shewn that S, does not involve higher 
powers of y than ?, (2) From the process of Arts. 248 and 249, 
it will follow that the value of Sadee” ... will involve powers 
and products of S,, S,, S,,.-- Saspty+..3; and in each term 


the sum of the subscript letters attached to the symbol S is 
At+ptvt... 


Hence we conclude that in the final equation in y no power of 
y higher than y” will occur. 


259. The preceding Article gives the limit which the degree 
of the final equation in y cannot surpass; it may however in 
particular cases fall short of this limit. 


The theorem may be extended and the following general result 
obtained ; if between any number of equations involving the 
same number of unknown quantities all those quantities are 
eliminated except one, the degree of the final equation cannot 
exceed the product of the degrees of the original equations. See 
Serret’s Cours d’ Algébre Supérieure. 
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XXII. SUMS OF THE POWERS OF THE ROOTS. 


260. By Newton’s method, which is explained in Art. 244, 
the sums of the powers of the roots of an equation may be found 
successwvely; we shall now explain a method by which the sum for 
any assigned integral power of the roots of an equation may be 
obtained independently. 


Let a, 6, c,... denote the roots of an equation f(x) =0, so that 
we have f(x) =(a—a)(a—6)(a—c)...; and suppose the equation 
of the n” degree. Then 


£M = (1-2) (1-2) (1-2)... 
x 2 ze A 
Take the logarithm of both sides, and then expand the loga- 
rithms on the right-hand side; thus 


jogl 1 (a+ b+0+...) 


— (a? +B? +c? +...) 


ecocee 


Thus on the right-hand side the coefficient of = is Pee 5 


m 


: ee. : 
hence we have Sn =the coefficient of ze in the expansion of 
m 


- Jog) in descending powers of a. 


This supposes m positive; if the sum for any negative integral 
A ‘ ati | 
power is required we can change x into 7 and find the sum for the 


corresponding positive power of the roots of the equation in ¥. 
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261, 


roots of the equation a —pa+q=0. 


fO-1-(2-4); 


w/w -€-) 


2 8 m 
iat ee 2 _ 4) 
w QY\w wow 3\n 2 m\x x 


For example, find the sum of the m™ powers of the 


Here 


The complete coefficient of = may be obtained by selection 
ce ie 


from the various terms in the value of 


power of @ can occur; these terms written in ae reverse order 


are 


«(e- 4)" sie (- a)" peat Bt +. 
m\a a m—-l\xe 2 m-2\x2 2x 


The coefficient of = is therefore 


1 1 mal ws 1 aces 3) pig 


Mw med Rory 
Thus §\=p"—- mp”™—"¢ + — sla P exit 


,m(m—r—1)...... m—2r+1) ,., 
( ) ( iy 0" +oep 


> 1) \r 


Suppose g=1, then the quadratic equation is a reciprocal 


rr ; 1 
uation, and its roots are of the form @ and qi see Art. 133. 


1 
Thus we have a+—=p, and also 
a 
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re 6 


+(-1y 


Votan © 


: 5 Ses 
We have thus obtained a general expression for a”+-; in 


™m 


terms of powers of a - 3 see Art. 138, 


Again, suppose g=—1; then the roots of the quadratic are of 


] ‘ ING 
the form a and — x thus we get an expression for a” + (- ;) in 


2 


terms of powers of a — a . 
a 


262. Again, let it be required to find the sum of the m™ 
powers of the roots of the equation z*—1= 0. 
Here Le a125 Slog => : J : 


= ee ee 
a”? Rie ie? eg? Zig 


; Lie, ; : 
Here the coefficient of zm 18 zero unless m is a multiple of n, 


and then the coefficient is = ; so that S,=0 unless m is a multiple 


of m, and then S,=n. 


This result is often useful, and we will give three applications 
of it in the following three Articles. 


263. We will shew how to find the sum of selected terms of 
a given series. 


Suppose that the sum of a,+a,0+a,0°+... ad infinitum is 
known, and denote it by ¢(x): and let it be required to find the 
sum of the series 


eer ae + Ol a” chee, ad infinitum. 


+n m+2n 
Let a, 8, y,... denote the n™ roots of unity, that is, the n roots, 
of the equation «*—-1=0. Multiply both sides of the given 


identity by a"~”, and then change « into ax; thus 
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a” "dh (aa) =¢.0 “+ aa" "9s + Ce aaa +... 


Similarly, 
B’-"b (Bx) =a,8"-"+ a, Be + Ope to 
yb (yx) {a Ak ar ay a+ aya? + a 
and so on. 


Add together the 7 identities which can thus be formed; then 
on the right-hand side we obtain 2 times the required series, 
by Art, 262; thus 


m m+n m+2n 
aX + ,,4,,% a -1-\oas 


1 ( n—m —_—m u—m 
=F far" (ax) + BS (Bx) +°-"$ (ye) + = 
As an example we will find the sum of 
xt ( + 7 +... ad infinitum. 
Here m=1, n=3, (2) =e. 
Thus the required sum 


= : {arg (ax) + B°p(Bx) + y°h (a) 


And finally the required sum is 


Laig. Lite 
3° 3° * (cos “°_/3 sin 29), 
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264, Again, by means of Art. 262 we can prove the following 
theorem ; the expression (x +y)"—a",— y" is divisible by a’ +ay+y? 
if m be an odd positive integer not divisible by 3, and it is 
divisible by (a’+ay+y’)’ if m be a positive integer of the form 
6m +1. 

Let 1, a, 8, be the three cube roots of unity, that is, the three 
roots of the equation #*—1=0. Then the product of these roots 
is 1, that is, a8 =1, by Art. 45; and 1+a"+8"=0, provided m 
be not a multiple of 3, by Art. 262. 


Thus x + xy +y? = («%— ay) (x— By). 


Hence («+y)"-2"-y” is divisible by 2°+ay+y’ provided 
it vanishes when x=ay, and when x=fy; and it is divisible 
by (2? +ay+y’)*, provided its derived function also vanishes when 
x=ay, and when x= fy: this derived function, by Arts. 11, 13, is 


n (a ep yy <p 


When «=ay we have 


(oxy eae {14 ay— a-ha {p01}, 


and this vanishes when n is an odd integer which is not divisible 
by 3. 


Also, when x= ay, 
n(e+y)'—na"'=ny"" {a+ @)ons -o| =my > {(- By - a} ; 


this vanishes if ~—1 is an even integer and a multiple of 3, 
because a°=1, and B?=1. And if ~—1 is an even integer and 
a multiple of 3, it follows that 7 is an odd integer and not divisible 
by 3, so that («+y)"—a"—y" also vanishes. 


The same results would be obtained by putting By for a. 


Comptes Rendus...... Vol. 1x. p. 360. 
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265. The last application we shall make of Art. 262 is to 
prove the following theorem. , 


Let. denote the sum of the series 
1 n-3 a (n—4)(n—5)_ (n- 5)(n — 6)(n~7) | 
* a eel E 


si Oe (wor Wnor Dunfode), 


Then S =: if m is an odd positive integer divisible by 3, 
S=0 if nis an odd positive integer not divisible by 3, 
S= 3: if m is an even positive integer divisible by 3, 
S == if n is an even positive integer not divisible by 3. 


In Art. 261 put xy for g and x+y for p, so that S,=a"+y" ; 
thus, if m is a positive integer, 


(e+ y)t—at—y'nay (oy) {e+ y= BS ay (ey) 


ie (n— sp a 5) (xy)? (x ets yy 7 Oe 


Let 1, a, 8, denote the three cube roots of unity; put x= ay, 
then the right-hand member of (1) becomes 


ma(1+) y” {(L+a)"?— 2S a(1 + a) eet a'(L+9)"-7—...}. 


But a8=1, and therefore B?=a8*=a; also a+B+1=0, so 
that -B=a+1; thusa=(a+1)*% Hence the right-hand member 
of (1) reduces to 


n(l +ayy'{1 zoe a wo aM of ; 
that is n(-f)"y"S. 


SUMS OF THE POWERS OF THE ROOTS. 187 


Also when «=ay the left-hand member of (1) becomes 

y" Ja soy—a°—1l, that is, 7 \(-Ay'- a" 1} 
Therefore (—BY— a" —1 = 11 (— BY°S 00.0002 -c0eocn0Fene- (2). 
If x is an odd positive integer divisible by 3, the left-hand member 
of (2) is equal to —3 by Art. 262; therefore -3=-—nB"S=—nS ; 


therefore woe : 
nN 


If is an odd positive integer not divisible by 3, the left-hand 
member ot (2) is zero by Art. 262; therefore S=0. 


If n isan even positive integer divisible by 3, the left-hand member 


of (2) is —1, and the right-hand member is nS’; therefore S$ =— 2 5 


If w is an even positive integer not divisible by 3, the left-hand 
member of (2) is B*—a”"—1, that is 26", since a®+f"+1=0; 


thus 28"=nf’S, and therefore S == 3 


It is to be observed that the series denoted by S consists of a 
fivite number of terms; in fact if n=2m or 2m+1 there are m 
terms in the series. 


Crelle’s Mathematical Journal, Vol. xx. p. 321, 


This Article serves to illustrate the present subject: but we 
may observe that the result can be obtained more simply by 
another method. 


It is known, see Plane Trigonometry, Chapter xx, that 


2 cos n§ = (2 cos 6)" — n (2 cos CD a (2 cos 6)"~* — 
a EY cos Oe 
ee 


Put 6=5 ; hence, transposing and dividing by n, we obtain 


* if Wr 
=; (1-208 3) ‘ 
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266. As another example of the theorem of Art. 260 we will 
shew how to express 2"+y"+(—a—y)" in terms of 2° t+ayt+y’, 
and ay (w+y). 


Let a=xe+ay+y, b=ay(x+y), 
and put 2 for —x—-y. 
Then xt+yt+z2=0, 
xy + yz+2a=axy—(x+y)*=—a, 
ayz=—6 ; 
thus 2, y, and z are the roots of the cubic equation 


&—at+b=0; 
and therefore 2 (x" + y" +2") is equal to the coefficient of = in the 


expansion of —log Q 5 + >) , 


Now —log ¢ -S+ ) 


1 b 1 Nee a | b\§ 
= (4-3) + xa(#-3) + 5a(«-7) ares 
b\? b\§ 
We can then expand ( -5) , («-7) , ++. and collect the coeffi- 


: 1 
cient of any assigned power of a 


If m be an even number we thus obtain a formula for 
(e+y)*+a"+y"; 
and if x be an odd number for 
(ety)'—at-y- 
The following are special cases: 
(a+ y)'— a" —y" =Ta%b = 7 (a? + ay + yay (e+y), 
(x+y)? +a° + 4° =2a* + 8ab® 
= 2 (a? t+ ay ty’) {(x? + ey ty’)? + darty? (w+ y)}. 
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The general formule may be easily obtained by putting 2m and 
2m-+1 for. Thus it will be found that 


ee ~ 2 e a8? 4 (m — 3) ue 4)(m—5) ap! 


aiid 1)(m—r-—2).. -(m—3r+1) mo 


SP co 
|2r 


Lape cy, 


and that 


(x+y)r*—9 gamt aie so, (m— 2) (m— 3) 
2m+1 |3 


_ (mar -(m- r —2)...(m—3r) ge 1G rtd 
2r+1 


267. It has been proposed to make use of the values of the 
sums of the powers of the roots of an equation in order to ap- 
proximate to a root of the equation; we will give an account 
of this method drawn from Murphy’s Treatise on the Theory of 
Algebraical Equations. 


Let a, 6, ¢,... denote the roots of an equation; suppose them 
all real and a numerically the greatest. We have 


Sr Oe eee. Fes. 


rst eae OLece ee 
m+) m1 
1+ (2) +(2) eer 
a a 
1+(-) + (2) +. 
a a 


Thus if m be taken large enough the right-hand member can 
be made to approach as near as we please to a, that is, to the value 
of the numerically greatest root. 


268. We may now examine how far the result of the pre- 
ceding Article is modified by the presence of imaginary roots. 
Let B+yJ/-l and B—y,/ —1 be a pair of conjugate imaginary 
roots; their sum is 28 and their product is B+’, which is the 
square of their modulus; see Algebra, Chap. xxv. 
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Now pay J=1-u(E +t J=1). 


Assume B =cos 6, and Y _ sin 6, 
Me be 
so that tan = 5 and p’= B?+ y*; 


thus p is the modulus. Then the conjugate roots may be put in 


the form p.(cos §+,/—1sin@); and by De Moivre’s theorem the 
sum of the mm powers of the two roots is 24” cos m6. 


Thus if the numerical value of the greatest real root be greater 


than the greatest modulus of the imaginary roots, Sat will tend 


to a limit as m is indefinitely increased, namely, to the numerically 
greatest root; but if there is a modulus of the imaginary roots 
greater than the numerically greatest root, there will be no 


Oats S, 
limiting value of —“*!, 


m 


Example. «*—2«c—-5=0. Here the series S,, S,, S,,...... is 
0, 4, 15, 8, 50, 91, 140, 432, 735, 1564, 3630, 6803, 15080, 31756, 
64175, 138912, 287130, 598699,...... By dividing each term by 
the preceding, we observe a tendency to a limit a little greater 
than 2, so that we may conclude that there is a real root a little 
greater than 2. The example however is not a very favourable 
one for the method; for since the product of all the roots is 5, 
and the real root is rather greater than 2, the product of the 
other two roots is nearly 2:5, These two roots are imaginary by 
Art. 172, and as their modulus is the square root of their product, 
the modulus is greater than 1:5; thus the modulus is not very 


small compared with the real root, and so the expression Sesl 


™m 


approaches slowly towards its limit. 


269. We may obtain the product of the two numerically 
greatest roots in certain cases, by a method similar to that in 


Art. 267. 
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For S. =a" +b" +c" +... 
nm > 

Cae Ee ES Pee, 

ee OT On eee 


Therefore SS_,,—S*,,,=a7b"(a—-b)?+ac"(a-c)’ 
+ 6%c"(b—c)*? +... 


We will denote this by u,, so that 


= a"pn(a—b)' {142 a-*) Ce \ geet 
Un = «"b™ (a —b) {l+5e(G=s + (35) ea 
Hence by proceeding as in Arts. 267 and 268 we may obtain the 
foliowing results. Z 


(1) If all the roots are real “es! can be brought as near as 


we please to the product of the two numerically greatest roots by 
increasing m sufficiently. 


(2) If there are real roots numerically greater than the 
modulus of any imaginary root, there is a limiting value of 


“nes , namely, the product of the two greatest of these roots. 


(3) If there be one or more moduli greater than the numeri- 
cally greatest real root there is a limiting value of Sats, namely, 


the square of the greatest of these moduli, that is, the product of 
the corresponding imaginary roots. 


(4) Thus the only case in which wat can fail to have a limit 


™ 


is when there is one real root, and only one, numerically greater 
than the greatest modulus of the imaginary roots. In this case 
that real root can be found by Art. 267. 


270. We may also obtain in certain cases the sum of two 
roots of an equation by a similar method. 
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8, 


m+ 


From the values of S,,, S. 


m+1? 
nes Dye era Ls (a t b) (a — b)* +a™c™ (a a ¢) (a—- c)? 
+ b%c"(b+c)(b-—c)+...5 


we will denote this by v,. Then w,, having the meaning assigned 
in the preceding Article, we shall find that there is a limit of 


»» and S,,,,, we shall obtain 


°m in the cases named in the preceding Article, and that this limit 
Uy 


is the sum of the numerically greatest roots, or the sum of the two 
imaginary roots with the greatest modulus. 


271. Thus in cases (1), (2), and (3) of Art. 269 we can get 
the product of two roots by Art. 269 and their sum by Art. 270; 
and in cases (1) and (2) we can get the sum of two roots by 
Art. 270 and the greater of them by Art. 267. 


272, Example. 2a*+2°+4x?-4¢+1=0. 

Here we obtain the following values: 
for S,, S,,.-.—1, —7, 23, —3, — 116, 227, 202, —1571,...; 
for u,, U,,...— 72, — 508, — 2677, — 14137, —74961, — 397421,...; 
for v,, ¥,,..-164, 881, 4873, 25726, 136382,... 


Here no definite limit is obtained by dividing each term in the 
series S|, S,,... by its predecessor; we are therefore sure of the 
existence of imaginary roots. By dividing each term of the series 
W,, U,,... by its predecessor, we obtain quotients which indicate 
5°301... as the value of the product of two roots. By dividing 
each term of the series v,, v,,... by the corresponding term of the 
series %,, %,,... we obtain quotients which indicate —1:819... as 
the sum of these two roots. From these values we can obtain 
approximate values of two imaginary roots. 


Since the sum of all the four roots of the equation is —1, and 
their product is 1, the sum of the remaining two roots is ‘819... 


: 1 
and their product 53012? these two roots are therefore also 


imaginary. 
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Thus we shall find in this example that the modulus of the 
first pair of imaginary roots is about five times as great as the mo- 
dulus of the other pair. Hence with the notation of Art. 269 we 
shall find that in taking w,,=a"b" (a — 6)’ and neglecting the other 
terms, the error is about a of the whole quantity; and hence we 
can judge of the accuracy of our result. For example; we have 
given above the values of w,, as far as uw, and u,, so that we can 
depend upon having found the product of the roots with an error 


th 
of only about (5) part of the whole. 


5 


XXII. ELIMINATION. 


273. Suppose that we have to solve two simultaneous equa- 
tions involving two unknown quantities ; there are certain cases 
in which the solution can be readily effected. Suppose that w and 
y denote the unknown quantities; then if one of the equations 
involves x” and no other power of x, we can immediately find x” 
from this equation in terms of y and substitute it in the other 
equation ; we shall thus obtain an equation involving y only, and 
the roots of this equation may be found exactly or approximately 
by methods already explained. 


Again suppose that the equations are represented by 4 =0 and 
B=0, and that A and B& can be readily decomposed into factors ; 
suppose for example that d= UU'U" and B=VV", Then all the 
solutions of the proposed equations are obtained by solving the 
simultaneous equations U=0 and V=0, U=0 and V’=0, U’=0 
and V=0, U’=Oand V’=0, U”=0 and V=0, U”=0 and V’=0, 
Thus the solution of the proposed equations is made to depend 
upon the solution of other equations of lower degrees, 


It may happen that one of the factors of A is identical with one 
of the factors of B; for example, suppose that U and V are iden- 


T. E. 13 
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tical, Then any values of « and y which satisfy the equation 
U=0 will satisfy the simultaneous equations A=0 and B=0. 
Thus if U involves both # and y, we can assign any value we 
please to one of the unknown quantities and determine the cor- 
responding value of the other, and so obtain as many solutions as 
we please. If U involves only one of the unknown quantities we 
can satisfy the equations 4=0 and B=0, by giving to that un- 
known quantity a value deduced from the equation U=0, and any 
value we please to the other unknown quantity. 


274. We have already shewn how by the aid of the theory of 
symmetrical functions we can eliminate one of the unknown quan- 
tities from two equations, and so obtain a final equation which 
involves only the other unknown quantity. We are now about to 
explain another method of performing the elimination, which 
depends on the process of finding the greatest common measure of 
two algebraical expressions. 


275. Let the two simultaneous equations be denoted by 
Ji(w y)=90 and f,(x, y)=0. Suppose that a=a and y=B8 are 
values which satisfy these equations; then the equations f (w, 8B) =0 
and f,(~, 8)=0 are satisfied by the value w=a. Hence f(x, ) 
and f,(x, 8) must have a common measure; this common measure 
must be such that when equated to zero it furnishes the value a, 
and also any other value or values by which in conjunction with 
y=B the proposed equations are satisfied. 


Suppose then that we arrange f(a, y) and /,(x, y) according to 
descending powers of a, and proceed in the usual way to find 
their greatest common measure, carrying on the operation until 
we arrive at a remainder which is a function of y only, say (y)- 
Then no values of y will be admissible except such as make 
$(y)=0; for unless ¢(y) vanishes f(x, y) and /,(a, y) have no 
common measure and therefore do not vanish simultaneously. 
Tt is not however true conversely that every value of y which 
makes $(y) vanish is necessarily admissible. For it may happen 
that in the process the coefficients of some of the powers of a are 
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fractions involving y in their denominators; and a value of y 
which satisfies the equation ¢(y)=0 may make some of these 
denominators vanish, and thus introduce infinite or indeterminate 
quantities. Suppose, for example, that we have 


S,(% Y=aS(@ y)+ $(Y)- 

Then if g is an integral expression it will not be rendered 
infinite by any finite value of y, and any value of y which makes 
¢ (y) vanish, combined with the corresponding value of x deduced 
from the equation /,(”, y) = 0, will make f(x, y) vanish. But if ¢ 
is a fraction, involving y in its denominator, g may be infinite 
when ¢(y) vanishes, and f(a, y) will not necessarily vanish when 
o(y) =0 and f(a, y)=0. The same exception may occur when we 
carry on the process in the usual way, and introduce factors which 
are not functions of x in order to avoid fractional coefficients. 
Suppose, for example, that we multiply f(a, y) by a quantity ¢ in 
order to avoid the fractional coefficients which are functions of y ; 
and suppose we now have 


f(a, y)=af,(a y) + >(y)- 


If we find y from the equation ¢(y) =0, and then « from the 
equation f, (a, y)=0, the values so obtained must necessarily make 
of (x, y) vanish ; but it does not follow that f(a, y) vanishes, for 
it may be that the value of y which has been taken makes c vanish. 


Hence we require a rule which shall point out the admissible 
solutions, and to this rule we shall now proceed. We shall 
suppose that in finding the greatest common measure the usual 
precautions are taken to avoid fractional coefficients. We may 
assume that in the equations which we shall denote by A =0 and 
B=0, neither A nor B contains any factor which is a function of y 
only; for such a factor can be separately considered and all the 
solutions found which depend on it. The method we are about to 
explain is due to MM. Labatie and Sarrus; we shall give it from 
the Algebra of MM. Mayer and Choquet. 


276. Let the two simultaneous equations be denoted by 
A=0 and B=0; we will suppose that neither A nor & has a 


13—2 
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factor which is a function of y only, and that B is not of a higher 
degree in z than A. Let c denote the factor by which A must be 
multiplied in order that it may be divisible by B; let g be the 
quotient and rR the remainder, where r is a function of y only. 
Let c, denote the factor by which B must be multiplied in order 
that it may be divisible by R; let g, be the quotient and 7r,R, the 
remainder, where r, is a function of y only. Proceed in this way, 
and suppose, for example, that at the fourth division we have a 
remainder which does not contain xz, and which we may denote 
by 73. Thus we shall have the following identities : 


cA =gB+ rR, }\ 


Let d be the greatest common measure of ¢ and 7, let d, be the 
greatest common measure of - and r,, let d, be the greatest 
ce, ¢, 


dd, 


common measure of and r,, let d, be the greatest common 


measure of 


are and r,. We shall now prove that the solutions 
1 


2 


of the equations A=0 and B=0 will be obtained by solving the 
following systems: 


*=0 and B =0, | 

: | 

3 =0 and R =0, 

i Leeds Sete (2) 
P he and Rk, =9, 

r 

7 and FR, =0; 


that is, we shall shew in the first place that all the solutions 
obtained from (2) do satisfy the equations A=0 and B=0, and in 
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the second place that all the values of x and y which satisfy the 
equations A=0 and B=0 are included among the solutions 
obtained from the system (2). 


Divide both members of the first identity (1) by d; thus 


Now, by hypothesis, — * and — are both integral functions of y; 


'd d 
thus ae is also an integral function; but by hypothesis B has no 
factor which is a function of y only, and therefore d must 
divide q. 

The identity (3) shews that the values of z and y which satisfy 

Sere c ; c r 

the equations 5 omg and B=0 make 7 A vanish ; but 5 and 7 by 
hypothesis have no common factor, and therefore these values 
make A vanish, Hence all the solutions of the equations “= 0 
and B=0 satisfy the equations A=0 and B=0. 


Again, multiply both members of the identity (3) by ¢,, and 
substitute for ¢,B its equivalent obtained from the second of the 
identities (1); thus 

ce ert 
“14 = Rs Erk, 


The expression —— ed 1 1; ig integral, for r and g are divisible by 


d; moreover this expression is divisible by d,, for d, divides + 


and r, and does not divide #. Divide by d,; then, for shortness, 


putting M for 4 and Uf, for “1 | we have 
a4 MB + PMR coe crssreresersresesce A 
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0 
Multiply both members of the second of the identities (1) by aD 
thus 


Cp Wn Lp 
a B a Ra grit: ; 


dO , , % ’ 
Sinoe @) will divide y and yy ib will divide at Ry but & iw 
uw 


not divisible by d) and therefore Y munt be, Divide by a); then, 


a 
for shortness, putting Vv for " and WV) for a , we have 
‘ 1 
oe 
} IVE: von krinohena tha ree 5), 
a NR VR, (5) 


The identities (4) and (O) show that all the values of @ and y 
. , : oo oo . 
which make ; and A vaniah, male kt A and 7] 2B vanish; but 
a) Chh) He ' 
Ov v 5 
) and =! have no common factor, and therefore all the solu. 
did, a : 


: : " , 
tions of the equations ='=0 and A= O watiafy the equations 


ay 
A=Oand B= 0, 


Again, multiply both members of the identity (4) by e,, and 
aubatitute for eA) ite equivalent from the third of the identities 
(1); thus 


“ytd = (qual Be M) Ryn R 
By hypothesis a, dividos the first member of = identity, and 


also divides e; it must therefore divide Cae + 8 a) Ry but 


A is not divisible by a; therefore Af + "AM is divisible by dy. 
\ 


Denote the quotiont by WW); thus 
00,0, ie * " 
ddd, A MR tM Raeiinny teaeee va tng eR 
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Multiply both members of the identity (5) by ¢,, and substitute 
for c,h its equivalent from the third of the identities (1); thus 


COsCs t+9¢N RB 
a3 (1M, + tN) B47 By 


We may prove as before that the wefficient of #, is divisible by 
d,, and denoting the quotient by NV, we have 


CC, t ‘od 
Dd BANE + BOM Ray ercercrreee (7). 


The identities (6) and (7) shew that all the values of & and y 


‘ Li : 
which make ri and #, vanish, make the first members of these 
a 


2 


identities vanish; but ad, and 4 have no wrmimon factor, ond 


“@ 


therefore all the solutions of the equations “ J 4=() and H,= 0 satisfy 
“4 


_ the equations A =0 and B=0, 

In the same way as before if we multiply both members of 
the identities (6) and (7) by ¢,, and substitute for «Ki, ite equiva- 
lent from the fourth of the identities ( iy we obtain 


fs 4 = UR +7 iM, 8) 
dif, eg tt A Mypcccccccssiveresseses (8), 
“Cf, D6 "3 } G 
Hdd, due cay DV setvctteetberssvvsene (9), 


where M, and WN, are integral functions of « and y, The identi- 
ties (8) and (9) shew that all the solutions of the equations 4 = 0 

7 
and R,=0 satisfy the equations A =0 and B= 0, 


We have thus proved the first part of the proposition, namely, 
that all the solutions obtained from the system of equations (2) 
do satisfy the equations A=0 and L=0; we have now to shew 
that all the values of « and y which satisfy the equations A= 0 
and B=0 are included among the solutions obtained from the 


system (2). 
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The identity (3) may be written . 


Multiply (4) by B and (5) by 4 and subtract ; thus 
(M,B- NA) R+ (MB - VA) 5 aR= 0, 
and therefore by (10) 


(iB - NA) R- ia. RR, = 9, 
and therefore 


MB-N dai Be ek wsntreean ee (11). 


Multiply (6) by B and (7) by A and subtract; thus 
(0B - WA) R, + (U,B- NA) R,=0 


and therefore by (11) 


Ba ant el a 
(4, Rar =0, 
and therefore 


Similarly from (8) and (9) we deduce 


wer, : 
MB Nh = TPF G verses (13). 


The identity (13) shews that all the values of x and y which 
make A and B vanish make ~ 71 72 7s 


3 vanish; so that one of the 
d d, d, d, 
r 
factors 7? we “, and “ must vanish. Hence the equations 
1 3 


pL aoe ve *. 
3 = 0, ee. ribet has 


supply all the admissible values of 
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Suppose then that x=a and y=B are values which satisfy the 
equations d=0 and B=0. 


First suppose that @ is a root of the equation a0 ; then it is 


d 
manifest that the values =a and y= satisfy the equations 
7-0 and B=0. 


Next suppose that f is not a root of the equation “= 0, but is 
a 


a root of the equation f= 0; since 5 does not vanish when y = f, 
it follows from (10) that the values =a and y= make & vanish, 


and so they satisfy the equations ~ Z =0 and R=0. 


l 


Next suppose that B is not a root of the equation {= 0, nor of 


the equation 3a 0, but is a root of the equation ze 0; since 
1 uv 


2 


5 2 does not vanish when y=, it follows from (11) that the 
1 

values x=a and y= make &, vanish, and so they satisfy the equa- 

tions “*=0 and Z,=0. 


2 


Next oe that B is not a root of any of the equations 


=, A nO =0, but is a root of the equation “3-0; since 


Ai 

peed,’ Z , as 

aay a d, 2 does not vanish when y= £, it follows from (12) that the 

values e=a and y= make &, vanish, and so they satisfy the 
Tele 

equations es 0 and #,=0, 


3 


This proves the second part of the proposition. 


The equation oa “t= 0 which gives all the admissible 
owed Tage 


values of y may be called the final equation in y. 
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277. Examples. 
(1) xt dyn? + (3y°— yt lha+y*?—y'+ 2y=90, 
w+ Qyxn+y*?—y=0. 


Here we have «+ 2y for the first remainder, so that r=1, and 
y’— y for the second remainder, which is independent of x The 
only solutions are those furnished by a= 0 and R=0, that is, by 


1 


y—y =0 and «+ 2y=0. 
(2) a+ 2ya’+ 2y(y—2)x+y°-4=0, 
w+ yx + 2y?— 5y+2=0. 


The first remainder here is (y—2)(a+y+2); so that r=y-2 
and R=x+y+2; the second remainder is y*—5y+6, which is 


independent of «. The solutions are those furnished by 5 =0 
aud B=0, that is, by y-2=0 and a*+ 2yx+2y’—5y+2=0; 
and those furnished by t= 0 and R=0, that is, by y°-5y+ 6=0 
and«+y+2=0. 
The final equation in y is (y— 2)(y°— 5y + 6) =0. 
(3) a°+ 3ya?— 32°+ 3y%e — byw -— a + y®— 3y?-y+ 3=0, 
a — 3yx°+ 3a°+ 3y’a — 6Byx- aw —y> + 8y°+y—-3=0. 


The first remainder is 2(y—1)(3a°+y*—2y—3); the second 
remainder is 8(y°—2y)x; the third remainder is y°— 2y—3, The 
solutions are those furnished by 


y—-1 = 0, and x°— 3ya* + Ba + 3y%x — bye — 2 — 9? + 8y°+ y—-3= 0, 
by y’— 2y =0, and 3a°+ y?- 2y-3=0, 
and by y’— 2y—-3=0, and «=0. 


The final equation in y is (y — 1) (y’— 2y)(y’— 2y — 3) = 0. 


et 
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(4) (y — 2)a°— 2+ 5y—-2=0, 
yx — Sx+ 4y=0. 


Here we multiply the left-hand member of the first expression 
by y to render the division possible without introducing fractional 
coefficients. Thusc=y. The first remainder is (3y—10)x+y'+ 6y. 
In order to carry on the division we now multiply ya’?— 5x + 4y 
by 3y—10, and perform the following operation: 


(by-10)e+y? + 6, (3y — 10) yx? — (By — 10) da + (3y — 10) ty! ye 


(3y — 10) ya? + (y’ + by) ye 
—(y? + 6y? + 15y— 50) w+ 12y’— 40y 


We may either regard the terms in the last line as forming the 
second remainder, or we may continue the operation of division as 
the remainder is not of a lower degree in x than the divisor; if we 
adopt the latter plan we must again multiply by 3y-—10, which 
will give rise to the same remainder as if we had originally multi- 
plied by (83y-—10)*. Thus we continue the operation as follows: 


—(y?+6y?+15y—50)(3y—10)a+(12y°—40y)(3y-- 10){ —(y*6y¢4 5y-50) 


—(y?+6y3+15y—50)(3y—-10)a—-(y°+ 6y?+15y—50)(y?+6y) 
y+ 12y*+87y?—200y?+100y 
We have here a remainder independent of x, which is the 


value of 7,; and d, here =y; so that the solutions are those 
furnished by 


y+ 12y°+ 87y°— 200y + 100 =0, and (3y-10)a+y°+ by =0. 


278. The following remarks may be made on the process of 


Art. 276. 


I. We may always take c such that ¢ and r have no common 
factor. For if d be the greatest common measure of c and r the 
c 
d 
coefficients, as appears from the identity (3); thus c is not the most 


division of — A by B can be effected without introducing fractional 
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simple factor which can be used as a multiplier of A before divid- 
ing by B. Hence by choosing the most simple factor we can make 
a=1. 

Similarly we may take ¢,, c,,..., such that c, and r, shall have 
no common factor, and that c, and r, shall have no common factor, 
and so on, 


Hence on the whole we may take ¢, ¢,, ¢,, ¢,,... so that d=1, 
that d, is the greatest common measure of ¢ and r,, that d, is the 
ce, 


d 


1 


greatest common measure of — and 7,, that d, is the greatest com- 


CCC, 


dd, 


12 


mon measure of 


and 7,, and so on, 


II. Suppose that the remainder independent of 2 which has 
been denoted by 7, is zero; then &, is a common measure of A 
and B. Hence the solutions of the equations A=0 and B=0 
consist, (1) of an infinite number of values of x and y which may 
be deduced from the single equation A,=0, (2) of the finite 
number of values of « and y which may be obtained by solving 


the equations a= 0 and = =0. But since r,=0 it follows from 


2 3 
the identities (1) of Art. 276 that R, divides R and R,. Divide 
the identities (3), (4), (5),-(6), (7), (10), (11), (12) of Art. 276 by 
,; we thus obtain new identities in which 4, B, &, R, and #, are 


AG A BARES R, ; ; 
replaced by BR,’ Kk,’ B,’ B, and PR, By means of these identi- 


ties we can prove, as in Art. 276, that all the solutions of the 
; A 3 E 
equations R =0 and = =0 will be obtained by solving the 
2 2 
following systems: 


r B 
ra and a 
ie RL 

7 ie and pha 
ean) and $'=0, 


) 
w 


ee 
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For example, suppose 
e+ yx? — (y+ lhxat+y—-y=0, 
and x — yx?— (y*?+ by +9)x+y°+ by’ + 9y=0. 


Here the first division gives 2 {yt (8y +4)a—(y?+ 3y?+ ty} 
for the remainder, so that we may take 
R= yx’ + (3y + 4) x— (y+ 3y’+ 4y). 
To perform the second division multiply the dividend by y, 
and after one step in the division multiply again by y in order 
to continue the division. We then obtain 8 (y’+3y + 2)(«—y) 


for the remainder r,f,. Divide & by «—y and the quotient is 
yo + y°+ 3y + 4, and there is no remainder. 


Thus the solutions of the proposed equations consist, (1) of an 
infinite number of values of « and y which may be deduced from 
the single equation x—y=0, (2) of the finite number of values 
of « and y which may be obtained by solving the equations 


y+ 8y+2=0 and ye+y?+ 3y+4=0. 


III. The demonstration in Art. 276 implicitly supposes that 
the values of « and y are finite; it is however possible to have 
infinite solutions of an equation. Suppose for example that 
(y—1)«’-2x+y’=0; then so long as y is not equal to unity the 
two values of « furnished by this quadratic equation are finite. If 
y approaches indefinitely near to unity one value of a increases 
indefinitely ; see Algebra, Chapter xx11. Thus when y=1 we may 
say that # has an infinite value. 

We have not included such infinite values of « and y in our 


investigations in Art. 276; these can be easily discovered indepen- 
dently. If, for example, we wish to ascertain whether an infinite 


: Bae 1 
value of x is admissible, we may put = for x, then clear of frac- 


tions, and suppose «’=0; we have now two equations in y, and if 
they have a common root or roots, such root or roots combined with 
an infinite value of # may be said to satisfy the proposed equations. 
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XXIII. EXPANSION OF A FUNCTION IN SERIES, 


279. Suppose we have an equation connecting two unknown 
quantities and y. If we could solve the equation so as to obtain 
the values of y in terms of x, we might expand each value of y in 
a series proceeding according to powers of 2 We are now about 
to explain a method for effecting these expansions of the values of 
y in series, without having previously obtained the values of y in 
finite terms. 

The method in its complete form is due to Lagrange; it was 
suggested by a process given by Newton which is called Vewton’s 
Parallelogram. For the history of the method, and for full infor- 
mation respecting it, the student may refer to Memoirs by Professor 
De Morgan in the first volume of the Quarterly Journal of Mathe- 
matics and in the ninth volume of the Cambridge Philosophical 
Transactions ; from these memoirs the brief aceount of the method 
which we shall give has been derived. An account of Vewton’s 
Parallelogram will also be found in the translation of Newton’s 
work on Lines of the Third Order by C. R. M. Talbot, published 
in 1861. 


280. Let the equation be denoted by 
Ay* + By? ...4 Ky" +... + Sy’ =0, 
where A, B, ...K,...S, are all functions of a We suppose 
a, B, ...k, ...0 to be arranged in descending order of algebraical 


magnitude; and throughout the investigation such words as greater 
and less, greatest and least, are to have their algebraical meaning. 


Let A be of the degree a, that is, suppose x* the greatest power 
of x which occurs in 4; let B be of the degree 8, ......, K of the 
degree &, ...... , S of the degree s. Our object now requires the 
solution of the problem given in the next Article. 


281. It is required to determine all the ways in which ¢ can 


be taken so that two or more out of the following series of terms 


may be equal and greater than any of the rest: 


a+at, b+ Bt, ...... tnt, seeses St+ot. 


ens Se 


A 
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Begin by supposing that ¢ is + 0 ; the first term is then greater 
than any of the others. As é diminishes each term diminishes, but 
each term diminishes more slowly than any of the terms which pre- 
cede it. Let ¢ have that value for which a+ at first becomes equal 
to one or more of the subsequent terms. This is found by taking 
the greatest value of ¢ which can be obtained from the equations 


a+oat=b+ Pt, a+at=c+yt, ..atat=k+x«t, ...at+at=s+ot, 


that is, the greatest value of ¢ must be found from the set 


b-a c-a k-a 8—a 
ee oe ag ae aes 
k— : Fa 
Let ——~ be the greatest of these values, if one is greater than 
a-—-kK 


any of the others; or if several are equal and greater than any of 


k-a Vig 


the rest, let be the last of them; denote ES by +. 
K meth 


i a 


Let ¢ continue to diminish from the value 7 until &+ xt first 
becomes equal to one or more of the similar subsequent terms. 
This value of ¢ is found, as before, by taking the greatest value of 
t which can be obtained from the equations 


k+nt=l+M, k+xt=m+pt, ...... k+«t=s+oat, 


that is, the greatest value must be tuken from the set 


eee eee 


Let the greatest of these be selected, if one is greater than any 
of the others; or if several are equal and greater than any of the 
rest let the last of them be selected; let 7’ denote the value of the 
n—k 


{Saba 2 


selected term, which we will suppose to be 


Let ¢ continue to diminish from the value 7’; and proceed as 
before to find another value 7” from the equations 


N+wt=pt Bt,...06. n+vt=stot. 
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This process must be continued until the term s + ot is used in 
obtaining a value of ¢. 


Thus we see how all the suitable values of ¢ may be found. 


282. Suppose now that A =«*(a,+A,), where a, is indepen- 
dent of x, and A, vanishes when « is infinite; similarly let 
B=x(b,+B,); and so on. Assume y=a‘(u+U), where u is 
independent of x, and U vanishes when ~ is infinite. Substitute 
these values in the proposed equation involving # and y; thus 


gatat(a + A,)(w+ U)* + cbtht(b + B)(ut+ UP +... 
. taebtet(h + K)(wt U) +...+ 08tot(s +8))(u+ U)7=0 


Since this is to hold for all values of x it must hold when z is 
infinite; and this will not be the case if the highest power of x 
occurs in only one term. In other words, the sum of the coefii- 
cients of the highest power of « must vanish, At this point the 
investigation of the preceding Article finds its application. 


By supposition + is the greatest admissible value of ¢, and we 
obtain for the part of the expression on the left-hand side of the 
above equation involving the highest power of 2, 


cater Ha, +A,)(ut O) +o + (hy + R(t vy. 


When « is infinite the coefficient of 27**" must vanish; this 
gives the following equation for finding w, 


From this equation values of « must be obtained, and to each 
value of uw corresponds a value of y in which the term involving 
the highest power of « is wa’, 


In a similar way by considering the value 7’ we arrive at the 
following equation for determining u, 


From this equation values of « must be found, and to each 
value of w corresponds a value of y in which the term involving 
the highest power of x is wa’. 
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By proceeding in this way, we shall obtain the highest power 
of x in each value of y. 


Next use one of the pairs of corresponding values of ¢ and u 
which have been determined; put y=2'(u+ U), and substitute 
this value of y in the original equation involving x and y. We 
thus obtain an equation connecting x and U and known quantities, 
We then apply the method to determine the highest power of « 
in the values of U, and thus we obtain the second terms in the 
expansions of the several values of y in series proceeding accord- 
ing to descending powers of w And this process may be con- 
tinued to any extent we please. 


283. There is nothing in the preceding method which re- 
quires the given exponents a, B,...0, a, b,...8, to be integers; 
they will however be such when we apply the method to deter- 
mine the jirst terms in the case of equations of the kind considered 
in the present Treatise. 

We will now apply the method to an example. 

Suppose we have the equation 

of (a2? — 3x) + ¥? (a* + 207) — y (40° + 3) + 8a°=0. 

b-a ca 
a—B* a-y’ 
The second and third of these are equal to 


The set of terms 


peo 5-2 6-2 
mA? 41° 2-0" 


... 18, in the present case, 


1, which is greater than ue which is the value of the first term. 


Thus r=1. Hence we put y=x(uw+U), and substitute in the 
proposed equation. The highest power of « is then #*, and the 
term involving it is 


of |(u+ UY —4 (w+ 0) +3}. 


The coefficient must vanish when @ is infinite; this gives 
wt —4u+3=0. 
It is obvious that w= 1 is a solution, and as the derived func- 
tion 4u?—4 also vanishes when w=1, the root 1 is repeated. 


Di, 10} 14 
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Divide u*—4u0+3 by (w—1)*; the quotient is u*+2u+3. Thus 
the other values of u are furnished by the equation u°+ 2u+3=0, 
and they are —- 1+ di —2. We infer then that the proposed equa- 
tion will only furnish two real values of y in terms of x, and that 
« is the first term in each of these values when they are expanded 
in series according to descending powers of 2. 


We may now put x(1+U) for y in the proposed equation, and 
proceed to find the values of U; we will resume this example 
presently. 


284. The following inferences may be drawn from Arts. 281 
and 282, 


(1) If a+a, 6+8,..., k+k,..., s+o are all equal, the 
quantities 7, 7’, 7”, ... are all equal to unity. 


(2) If of the quantities a+a, 6+£8,..., k+k,..., s+o, 
two or more are equal and greater than all the rest, then unity 
occurs among the set 7, 7’, 7”, .... For it is obvious that ¢=1 is 
a suitable value in the investigation of Art. 281, since this value 
makes two or more of the terms there given equal, and greater 
than all the rest. 


These two inferences involve the theory of the rectilinear 
asymptotes of algebraical curves. 


In the remainder of this Article we suppose that a, B, y, ... 
are all integers, and that o is zero, 


(3) The first equation for win Art. 282 will have a—« roots, 
the second will have «—y roots, and so on; thus on the whole we 
get a values for the first term of y, as should be the case, since 
the proposed equation is of the degree a in y. 


(4) Suppose that the degrees of all the functions of # from 
K to N inclusive are equal and higher than any of the others. 
Then out of the values of y there will be a—« which begin with 
a positive power of x, and x —v which begin with the zero power 
of w, and v which begin with a negative power of w. For the 
«k-v values of y which begin with the zero power of & arise 
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from the fact that by hypothesis the value ¢=0 makes all the 
following terms equal and greater than any which follow them, 
k+«t, l+X, ...n+vt. The a—« values of y which begin with a 
positive power of x arise from positive values of ¢, and the corre- 
sponding values of w obtained relative to the exponents a, B, ... x. 
The vy values of y which begin with a negative power of x arise 
from negative values of ¢, and the corresponding values of w ob- 
tained relative to the exponents v, ...0, where o =0. 


(5) If A, B,... S, are all of the same degree except M, and 
I is of a higher degree than the rest, there are a — yp values of y 
in which the highest power of x has the positive index ee 


and p. values of y in which the highest power of « has the nega- 


ae m—a 
tive index — 


285. A remark should be made respecting the equation in 7 
which is obtained when the second terms in the values of y are 
required; see Art. 282. Suppose we assume y= a’ (u+U), where 
w and ¢ are known, and substitute this value of y in the proposed 
equation. We thus obtain an equation in U of the same degree 
as the original equation in y. However in general only some 
of the values of U will be admissible. For;* by supposition, 7 
vanishes when « is infinite, and so we must reject any value of 7 
which commences with a positive power of x or with the zero 
power of xz, These rejected values of U must belong to the other 
values of y with which we are not at the moment concerned, since 
by supposition we are seeking only that particular value of y 
which commences with wx’, or those particular values which so 


commence if there are more than one, where w and ¢ have known 
values. 


286. Let us now resume the example in Art, 283. We have 
to substitute «(u+U) for y, and make w=1. We shall thus ob- 
tain the following result after dividing by 2, 

Uae. OU (ae. ..)+ U "(0x )\— O07) — 2a*,..= 0, 
: 14—2 
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Here in the coefficients of the powers of U we have only ex- 
pressed the highest powers of # Form the fractions according to 
Art, 282; thus we obtain 

5-5 5-5 4-5 4-5 
4-3’ 4-2’ 4-1’ 4-0° 

Here the first two terms are zero, and are algebraically greater 
than the others; but a zero value is to be rejected as explained in 
the preceding Article. We therefore proceed in the manner 0 
Art. 281, supposing that +=0, and that we have to find r 
Thus we form the fractions 

—-5 4-5 
2-1’ 2-0° 


Of these the second, which is cay is algebraically the greater. 


Accordingly we put U = wa, and to find w we obtain the equa- 


tion 6u*— 2=0, so that w= Thus the first term of U is 


1 1 
—=. Therefore, as far as we have gone, we have 


——=— Or — = 
N32 N 3a 
1 1 
y= e 1+ +...) r =0(1----+...). 
x ( WES ae ir 3a 


287, The nature of the values of U may be seen by examin- 
ing the formation of the general equation in U. Let us first put 
ou for y and then change w into w+ U. When we put au for y 
the left-hand member of the proposed equation will take the form 


“she. 
+ /3° 


X, (we) + x, (uw) + x,(w) ve”? +... 
where 7,, %,, %,,... are supposed in descending order of magnitude. 
Denote this expression by $(w); then the equation in U will be 
¢(u+U)=0. We will suppose the exponents of y in the pro- 
posed equation positive integers. The equation in U may be 
written 
b,U*+h,_, 0°" +,_,U* 2 +...4+6,04+46=0, 


1 
where , stands for " $*(u), and similar meanings belong tc 
as 


ew 


ie 


anttint Bal 
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$,-,5 2,2) ++» Now if no special value were assigned to u, the 
coefficients of the several powers of U in the above equation would 
be functions of a, all of the same degree, namely n, Thus by 
Art, 284 the values of U would all commence with the zero power 
of « But if w be such that x,(uv) =0, the function ¢ is of a lower 
degree in « than the function ¢,; hence one of the values of 7 
begins with a negative power of z, namely, with z-™-™), And 
this is the value of J which we are seeking, because x,(u) = 0 is 
the equation from which wv is to be found according to our process. 
If however the equation x,(u~)=0 has equal roots, we obtain more 
than one suitable value of U, Suppose, for example, that the 
particular root which we have selected occurs fowr times; then 
, will be of the degree n, in «, while ¢,, ¢,, ¢,, },-will only be of 
the degree n,. Hence, by Art. 284, there will be four suitable 
values of U, each commencing with « raised to the negative 


power — ; (n,—1,). 


We have here supposed that x,(u) and its derived functions 
do not vanish for the value of u which is considered. 


288, In what we have hitherto given we have investigated 
values of y proceeding according to descending powers of z, Thus 
if we illustrate our results by geometry, and suppose curves traced 
corresponding to the values of y in terms of «, the first term of 
the series which we have found for a value of y will exhibit the 
nature of the curve at a great distance from the origin, 


But the method may also be applied to find the values of y 
proceeding according to ascending powers of 2, so that the first 
term in a value of y will exhibit the nature of the curve close to 
- the origin, when the curve passes through the origin. 


In order to apply the method to find the values of y proceed- 
ing according to ascending powers of « we need only make the 
following changes. We must suppose a, f, ... o arranged in as- 
cending order of algebraical magnitude; and A, must vanish when 
zg vanishes and not when @ is infinite, so that «* must be the lowest 
power of z in A and not, as before, the Mighest power; a similar 
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change of meaning must be made in B, and 6, and in the remain- 
ing similar quantities. 
Then when ¢ is + © the following quantities are in ascending 
order of magnitude, a+at, b+ ft, ...k+xt, ...st+ot. 
As before, the greatest value of ¢ is to be found from the 
equations 
a+at=b+ Bt, atat=c+yt,...a+at=k+«t, ...at+at=s+ot. 
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289. In the present Chapter we shall collect some miscel- 
laneous theorems of interest and importance, which will exemplify 
many of the principles established in the preceding pages. 


To prove that the following equation has no imaginary roots, 
=e + a - coe tit = -r=0 
z-a «2x-b w-Cc a—k : 

If possible suppose that p+q,./—1 is a root; then p—q,/—1 
is also a root. Substitute successively these values for x and sub- 
tract one result from the other; thus 

At oy 0? Ka 
Nora7 * (p= By ae” (pote *Gaaregh—® 
and this is impossible unless g= 0. 


Or we may prove the theorem thus. Denote the left-hand 
member of the proposed equation by (x), and suppose a, 8, c,...%, 
in ascending order of algebraical magnitude. When « is a little 
greater than a the first term of (x) is very large and posi- 
tive, and by taking a sufficiently near to @ we may ensure a 
positwe value for (a). When 2 is a little less than 6 the second 
term of $(«) is very large and negative, and by taking « suffici- 
ently near to 6 we may ensure a negative value for d(x). Thus 
$(x) changes sign for some value of w between a and b. Similarly, 
(x) changes sign for some value of x between 6 and c; and 
so on. In this way we may shew that the roots of the equation 
(x) = 0 are all real and unequal. 


——————-s 
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The form in which the equation ¢(x) =0 is presented, enables 
us to recognise more easily the property we had to prove. But 
our result will not be affected if we clear the equation of fractions, 
so as to bring it to the standard form; that is, in fact, if instead 
of }(x) = 0 we consider the equation 


(x) (@—a)(a—b) (a—c)... (a2—-k)=0. 


290. Required the values of the m quantities w,, %,, m,,... 2, 
from the following n equations, 
C, +2, +0, +...+2,=0, 
nn 


@,8, +0,0,+0,0,+...+4,0,=0, 


2 2 2 Ce Ve" 
G,°%, + A, @,+4,0,+ ...+a,°¢, =0; 


n-2 n-2 n-2 - 
a, a, +a, H+ A, H+... +Q, 


n—) n— n-1 n-) = 
a,” (2, +0," 2, +4," i+. +O." '@ =. 
Multiply these equations respectively by ¢,_,, ¢,_.4, ++» ¢,> ¢, 1, 
where ¢,_,,C, 9) +++.) ¢,, are at present undetermined, and add the 
results. Assume ¢,_,,¢,_,,---€,,¢,, such that the coefficients of 


H,, H,,-..@,, vanish; then 
n—l au-% n-3 
(a +60," "+60" "+...+6 0, + frat) = 6, 


From the assumption with respect to ¢,_,, €,_.,++-¢,, ¢,, it follows 
that a,, a,,...@, are the roots of the equation 


eo tee +o +..+¢6_ g+o_.=0. 
Therefore the left-hand side of this equation is identically equal to 
(z—a,)(%—a,)...(#-a@,). 
Hence substituting a, for z the equation which determines « 
may be put in the form 


u, (a, as a,) (4, i: as) ue (4, oF a,) =6. 


Thus «, is known; and the values of ,, #,,...%,, can be deduced 
by symmetry. 
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291. Required the values of the n quantities a, y, z,... from 
the following 7 equations, 


x y z 


Std bape, 


We may regard the x quantities &,, &,,...4, as the roots of the 
single equation 
x y z 
+ ~ 
haa seat. eS 


eee 


which is of the x degree with respect to & Assume k=a—#; it 
will follow that a—k,, a—k,, a—&,,... are the values of the roots 
of the following equation in £, 


z ] z 
L424 +...=Q, 
t t+6-a@ .@+c=a 


Multiply by the product of the denominators so as to put this 
equation in the usual form; thus 


m+ Ae +A + ...+4,=0, 
where the term independent of ¢, that is A,, is x(b-.a)(c—a)... 
Therefore, by Art. 45, 
(a—k,)(a —k,)(a-k,)... =(— 1)"a(b- a) (c—a)..., 


_ (a—k,)(a-k,) (a—k,)... 
(a—6)(a—e)... 


that is, e= 


From this expression the values of y, 2,... may be deduced by 
symmetrical changes in the letters a, 0, c... 


Grunert’s Archiv der Mathematik wnd Physik, Vol. xxut. p. 235. 


YO ot A 
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292. To prove that the sum of the products of the m quanti- 
ties c, c’, c’,...c”, taken m at a time is 


17 = 1)... (er = 1) 


; ee =4).4(8=1). 
Assume 
(a+ ¢)(x+¢°)...(e+e) =a" +p," '+...4+p,_ 4+ D,....- (1). 


Then by Art. 45 we have to find the value of p,. In (1) change 

x into = and multiply by c"; thus 

(a+ c*) (w+ c*)...(a+c°*) =a"+p,ca" +... +p,_.c"a+p c"...(2). 
From (1) and (2) we obtain 


(a+ ot") (a + px" +. +p,_,2+P,) 


n 


=(e%+c)(e"*+ pcx" +...+p, ce +p,c"). 


Equate the coefficients of #"*~"*’ in the two members of this iden- 
tity; thus 


Din + aay | =p,,c” a VBL ees 
™m m—m+1 it 
therefore ie eS ) ee et ot, 
And p,=ct+e?+...+0°= stats ; then by means of (3) we can 


determine successively p,, ,, P,)---; and thus we shall arrive at 
the required value for p,. 


293. Let there be nm quantities a, b, ¢,...; let s, denote their 
sum, s,_, the sum of any m—1 of them, and so on; and let S$ 
denote 


(s,)" Fi 3(s,_,)” AF = (8,-2)" paces (- ss ae (s,)”. 
Here (s,)" denotes the sum of such terms as (s,)’ formed by 


taking all possible selections of m quantities out of the 2 quanti- 
ties a, 6, c,... Then we shall shew that S=0 if r is less than n, 
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and that S is divisible by abc... if r is equal to m or greater 
than n; and in particular that 
S=|nabe..., when r=n, 
+1 


and S= ee (a+b+c+...)abe..., when r=n+l. 


We may separate S into two parts, one part in which a occurs in 
every term and another part in which a does not occur at all, We 
may write the former part thus, 


(s,)" a, =, (7,)5 3 =, Cues J BOS Sur (- 1)""'a’, 
and the latter part thus, 
oa 2, (> a 2, (3,_.)” ieee fe (= 1D i =, (8,); 


where &, indicates certain of the terms formerly included under 3, 
and %, indicates the remainder. Now suppose a=0, then S 
vanishes; for we have in this case 


(s,)" a > (5). = 0, 
=, (6 5;) — 3, (e_,)'=0, 
=, (22 Ai = > Cheri = 0, 


Similarly, we may prove that § vanishes when 6=0, and when 
c=0, and soon. Thus we conclude that S is in general divisible 
by each of the quantities a, 6, c,... and therefore by their product. 
But the product will be of m dimensions, and therefore if § be of 
less than m dimensions it must be identically zero. And as S is 
of r dimensions it follows that § vanishes when * is less than N, 
and is divisible by abe... when r is not less than 7. 


When r=n we have therefore N= abe..., where X is some 
numerical quantity which is to be determined. To determine d 
suppose that a, 6, c,... are all equal to unity; then S becomes 
n(n —-1) 

1.2 


that is |n, by Algebra, Chapter xxxrx. 


n"—n(n—1)"+ (n—2)"-..., 


q 
| 
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Next, suppose r=n+1. Then § is divisible by abc...; and as 
S is of 2+1 dimensions, it must have a factor which is of one 
dimension and symmetrical with respect to a, 6, ¢c...; this factor 
must therefore bea+b+c¢+... 


Hence S= pabe...(a+b+e+...), where p is a numerical quan- 
tity which is to be determined. To determine p suppose that 
a, b, ¢,... are all equal to unity; then S becomes 


non (n a 2 ees feo? =e 


and this must equal pn. Hence by Algebra, Chapter xxxix. we 


n+1 y 
have p= ay 


294, Let [c], denote c(e-—1)(c—2)...(e—r+1), whatever ¢ 
may be; then will 


[a+b], =[a], +m fa}, b+) fa], f6), +... + Ble 


For suppose that @ is a positive integer; then we know that this 
theorem is true for any positive integral value of }, for it follows 
by equating the coefficients of a” in (1+a)**’ and in (1 + a)*x (1 +2)’, 
Hence since this is true for more than 7 values of 6 it is iden- 
tically true by Art. 39; that is, when a is a positive integer the 
theorem is true for a// values of b. Then since it is true for any 
positive integral value of a, it is true for more than 7 values of a, 
and therefore by Art. 39 it is true for a// values of a. 


Thus we are able to prove the proposed theorem, by assuming 
the Binomial Theorem for a positive integral index and also the 
Theorem of Art. 39. The theorem is sometimes called by the name 
of Vandermonde. The theorem is required in Euler’s proof of the 
Binomial Theorem for any index, and as is well known, is there 
established by an appeal to the principle of the permanence of 
equivalent forms. 
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295. Let $(#)=0 be an equation which has a root a, so that 
we may suppose $(«) = (w—a@) w(x); then 


sa -(1 2 “)¥() 
tog #2) tog (1-2) +108 ¥(2) 


=-(2+55+. ..) + log ¥(2). 


Suppose that log ae) can be expanded in a series involving posi- — 


tive and negative nes of x, and that log w (a) can be expanded 
in a series involving only positive powers of x; then assuming the 
identity of the two members of the equation we obtain this result, 


(2), 


ibe : 
— a= the coefficient of zim the expansion of log 


296. The theorem of the preceding Article is given by 
Murphy in his Theory of Equations and illustrated by examples ; 
see his pages 77...82. The demonstration of the theorem is 
imperfect, since the infinite series may be divergent; but the 
theorem is of some importance. - It had been noticed before Mur- 
phy drew attention to it; see De Morgan’s Differential and Inte- 
gral Calculus, pages 328 and 644, and also the Philosophical 
Magazime for June 1848, page 421; according to the latter work 
the theorem was given by Lagrange in 1768. 


Cr ay te cede fnlme GOS lis anette aaah aha 


a et. 


It appears that the process furnishes the numerically least 
root of the equation to which it is applied; and some reason may 
be assigned for this, at least when all the roots are real. 


For suppose that the roots of the equation ¢(#)=0 are 


a, b, c,... in ascending order of magnitude. Then : 
(x) = A (a — a) (x —b)(x—C)...... : : 
where 4 is a constant, S 


Thus #2) -B(1-$) (1-4) (1-2) Sak. 


where B# is a constant. 


af 
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Since a is the numerically least root of the equation (x) =0, 
if x lies between a and } the expansions of 


a wx x 
log (1-%) , log (1-3), log (1-), one 


2) og 


will all give convergent series; and hence we see that log ——~ 


be developed in the required form in a manner which is anes 
cally intelligible and true. Then as z can have any value between 
a and b we may, by a natural extension of the theory of indeter- 


: : , a ; 
-minate coefficients, equate the coefficient of — in the expansion of 
L 


to — a. 


2 


In the same way as the coefficient of = in the expansion of 


1 
og 2 oe): is seen to be —a, we see that the coefficient of — is— — ; 


thus we can determine the value of any assigned PS lade power of 
the numerically least root of the equation ¢(z) =0. 
297. For example, required a root of the equation 
xz" +cxa—b=0. 
Here P10) ig © aes 
x 


c—-—+2"", 
xz 


nal 
©) <toge+log (1-2 +" ) 
xz 


CL c 


=loge—2- 5252 a 


2 


where Peg 2 =-2(1-¢ : 
Cx 


P a | ; 
We have now to pick out the terms involving =i we shall obtain 


such a term from z, from z"*’, from 2*"*', and so on. Hence we 
shall find for the root the series 
b 6" Qn pia Sn (32 — 1) I jpec te 


oe on ap 2 ont 2. ; ont 
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298. Let d(x)=0 be an equation of which a,, a,,...a,,, are 


roots, so that we may suppose 


(x) = (x —a,) (@—a,) ... (w—a,,) Y (2) 5 


2-(-2)(-)-(-8) 0 


Take the logarithms of both sides; then, as in Art. 295, we infer 


fen? 


; ee 
that —(a,+@,+...+4,,) 1s equal to the coefficient of — the 


expansion of log ee) . See Murphy’s Theory of Equations, pages 
82 and 83, 


As in Art. 296 we may conclude that the process will give the 
sum of the numerically least m roots. 


299. We shall now give some theorems relating to the decom- 
position of a rational fraction into other fractions, which relatively 
to the original fraction are called partial fractions. 


Suppose that $(«) is a function of & of the »™ degree; let the 
roots of the equation ¢(#)=0 be all unequal and let them be 
denoted by a, b, ¢,...4. Let w(x) be a function of x which is of the 
(n — 1)™ degree or of a lower degree, Then the following relation 
will be identically true, 


yle). Ay eee K 
¢ (x) goa aoe c—k 


provided proper constant values be assigned to A, B, C,...K. 


For in order that this relation may be identically true it is neces- 
sary and suflicient that the following should be identically true: 


_ 4 $(%) p(x p(x 
We) =A Es BIO) GPO), 


ae 


> hw 


eialllonlt darasied aon 
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The members of this equation are not of a higher degree than 
that expressed by 7 —1, hence the relation will be identically true 
if m values of x can be found for which it is true; see Art. 39. And 
by properly choosing A, B, C,...K the relation can be made true 
for the nm values a, 6, ¢,...k, of x. For suppose «=a, then all the 
terms on the right-hand side vanish, except that which involves 


A; and we obtain 
Y(a)=A {eo ? 


L—- Alena 


that is, by Art. 74, 
Y(a)=A¢' (a), 


This determines A; and similar values will be found for 
DB, Oped 


= 


300. Next suppose that y(x) is not of lower degree than ¢(z). 
By common division we may obtain 


VO) np, £@) 
g(a) ) * FG)’ 
where F (x) and /(«) are integral functions of x, and f(a) is of a 


lower degree than ¢(zx). We may then decompose f 3 into 


partial fractions in the manner shewn in the preceding Article. 


Since we have 
W(x) = (x) F(x) +f/(2); 


it follows that (a) and f(x) have the sume value when ¢ (x) vanishes, 


Hence the partial fractions corresponding to an , when determin- 
ed by the method of Art. 299, can be found without previously 
dividing (x) by $(x); we must however not omit the part F(a) 
v (2) 

$ (#) 


if we wish to obtain the complete value of —— 
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301. Various Algebraical identities may be established by 


means of the principles of the preceding two Articles. 


For example, if 2 be any positive integer 


[2 wt Ae Veh 
(a+ 1)(e+2)...(e+n+1) v+1 1la+2 


For we may assume that the left-hand member can be put in 
the form 


A A A A 


1 2 3 nt1 
i. 4+ — 8. + —#-4...... oe 
e+l «+2 «+3 ctn+l? 


and then we may determine 4,, 4,,....4,,,¥ this is effected by 
multiplying both sides by 


(a+1) (+2)... @+n+1), 


and then substituting for x in succession the values — 1, —2, ... 


Again, if m be any positive integer 


a n(n 1) 
w+1~ @+1) (+2) * @+1)@+2)(@+3) 
(-1)"|n 1 


(@+1)(w@+2)...(@@+n4+1) wtnt1° 


For we may assume that the left-hand member can be put in 
the form 


eee eee 


multiply both sides by (@+1) («+ 2)...(@+n+1) and then sub- 
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stitute for « in succession the values —1, —2,...._ Thus we shall 
obtain 
cee —1)*=0, 
== n(l—1)*"* =0, 


Ae us a eg (li- 1}*-? 0, 
and by proceeding thus we find that A,, A,,...A, are a]l zero, and 
that A, =1. 
Again, if m be any positive integer 


m y 


ei ea) 
(1-9) Sager 
m(m — 1) y \f 
* et 1)(a@+ 2)(z+ 3) : = ie 


+ GES et ( =) 


eee OF) 
eel 2+2 | i ecgpese e i Sees 


This may be demonstrated in the way already exemplified by 
assuming that the left-hand member can be put in the form 


A, A, Pies ae ze Anes 
Pelee ee Oe eee z+m+l1l 
then we deduce 


A,=(l-y+y)"=1, 
A,=-my(l1-y+y)"'=- my, 
and so on, 

Or we may establish this result by the aid of the second ex- 
ample. For if we expand the left-hand member in powers of y, 
and compare the coefficients of y* in the two sides, we find them 
equal by the second example. 


302. We have in Articles 299 and 300 given separately the 
decomposition of a rational fraction when its denominator has 
no repeuted factors, on account of the simplicity of the result; it 


TLE: to 


226 MISCELLANEOUS THEOREMS. 
is however only a particular case of the general investigation to 
which we now proceed.. 
Suppose that ¢(a) is a function of 2 which involves repeated 
factors ; for example, let 
(2) = p,(x— a)" (w —b)*(@—e)...(@— &), 
and let W(x) be any other function of 2 Then the expression 


y (x) 


——{ may be resolved into the following parts. 


$ () 
(1) Any factor a— which is not repeated will give rise to a 


single term —, 
x 


a 
(2) The factor (w— a)’ will give rise to the series of terms 


A A, A, 


(e—ay * (w@—ay™ * e—a)™? La" 


A similar series of terms will arise from each of the other 
repeated factors. 


(3) There will also be an integral expression if y(x) be not 
of a lower degree than (2). 


For suppose ¢(x) =(x-a)"x(x); then we have identically, 
whatever A may be, 


va) AW @)—Ax(a) 
d(e) @-ay” b@) 


Now let A be determined by the equation y (a) — Ax (a) =0; then 
W(x)—Ax (x) vanishes when e=a, and is therefore divisible by a — a. 
Therefore with this value of 4 we may put 


W (a) — Ax (@) = (@- a), (2), 


and therefore 


¥@) 4 k@ 
$(@) ~ @=ay * = ay"X@) 


ee ee ee 
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In the same way we may decompose the last fraction and 
obtain 
wv, («) _A, ¥,(#) 
@=a)"x@) @=a)” @=a)*x@)" 


By proceeding in this way the required result is established. 


303. It is easy to shew after the manner of Art. 37 that there 
v(x) « 


is only one mode of Rocomposna (a) into an integral function, and 


a series of partial fractions each i which involves only one distinct 
factor in its denominator. Hence we infer that the reswlt obtained 
must be the same in whatever order the operations are conducted, 
that is, whatever factor we first consider. 


Practically the best way to determine the numerators of the 
partial fractions will often be the following. Put x=a+h; thus 


ve) @)__ v(ash) | 
p(w) (e@—a)'x(x)  4’x(a+h) 

y(a+h). 

x(a+h) 

and according to the notation already ae the result must be 

y (ath) 

A +h) 


That is, A, must be the coefficient of h” in the expansion of 


now expand by some algebraical method ———~ in powers of h, 


=A+Ah+AW+ AN +...... 


CE, according to ascending powers of h. 
(a +h) 
Similarly, the numerators of the other partial fractions may be 
determined. 


304, In the next two Articles we shall give some theorems 
relative to limits of the roots of an equation; they were communi- 
cated to the writer by the late Professor de Morgan, in a letter 
dated Feb. 6, 1858. 

15—2 
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305. The following theorem relative to limits of the roots of 
an equation will be found to include two of those which are given 
in Chapter vi1., and to add something to them. 


Let f(x) =p,2"+p,x""'+...+p,_,e+p,; then we proceed to 
investigate a superior limit to the positive roots of the equation 


SF (x) =0. 


Let a be equal to the coefficient of the first term, or to any- 
thing less; let 6 be equal to the least of the positive coefficients 
which immediately follow, and precede any negative coefficient, 
or to anything less ; let c be equal to the numerical value of the 
numerically greatest negative coefficient, or to anything greater. 
Suppose that «*"*~’ is the first term with a negative coefticient, 
Then f(x) is certainly positive when the following expression is 
positive, 


t—E\ es n—k—-1 


aac" + b (ar + 1. + (x +...+x+1), 
that is, when the following expression is positive, 


SC a ae | 
aa” +b ——_— — ¢ —___ ; 
x—1 z—1 


that is, supposing # greater than unity, when 
{a(e- 1) +o} at—(b+e)at tre 
is positive, that is, a fortiori, when 
{a (e- 1)+dbat= (+0) 
is zero or positive, 


(1) Take d=0, and let c be the numerically greatest negative 
coefficient ; then f(z) is positive if a (#—1)—c is zero or positive 


that is, if e=1+ < or anything greater. See Art. 87. 
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(2) Take 6=0, and let ¢ be the numerically greatest negative 
coefficient ; then f (x) is positive if a (z—1)z‘-—c is zero or posi- 
tive, and therefore a fortiori if a(x—1)***—e is so; that is, if 


1 
e=1+ (3) or anything greater. See Art. 89. 


(3) Put zero for a; then f(z) is positive if ba*-—(b+c) is 


zero or positive, that is, if = € + iy or anything greater. This 


is a new limit, which may be less than that in (2) when 6 can be 
taken greater than p,. 


(4) Ifa is not greater than b we have f(z) positive if 


i L— 5st -—(a@+¢C 
[7 (@— V+ fat—(a+e) 


1 
is zero or positive, that is, if c= (1 + ie or anything greater, 


This furnishes a less limit than that in (3) whenever 6 cannot 
be taken so great as p,. 


(5) Suppose that a is not less es c; then from (2) we 
obtain 1+ jaa that is 2, as a superior limit. 

(6) Suppose that 6 is not less than c; then from (3) we 
obtain gi as a superior limit. 

(7) Suppose that neither @ nor & is less than ¢; then from 
(4) we obtain oF as a superior limit. 

306. We shall now give another theorem on the limits of 
the roots of equations. It depends on the mode of calculating 
the value of an expression of the form au” + ba’ +ca"* +... for 


an assigned value of x, which we have explained in Art. 5. If 6 
denote that assigned value the calculation determines successively 


ab, a+b, (a0+b)0, (a0+b)O+6, 0... 
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Let f(~)=0 be the equation. Arrange f(a) in groups, each 
group consisting of all the positive terms which come together 
followed by all the negative terms which come together before 
the next positive term. Thus, writing only the signs, supposing 
we have the succession, 


+4+---+-++4+----+--—4, 
then they will be arranged in groups thus, 


a) (+-), (Fee (+==); +. 


Let the first group involve the powers of x from 2" to 2"* 


both inclusive. Suppose the factor 2*“* removed by division. 
Take @ on trial as a value of a, and calculate the value when 
x=6 of the quotient after division by 2". If the result is 
positive denote it by A,, and put A,2"™* at the head of the next 


group. Suppose this group to extend to the term involving 2°“. 


After A,x"™ has been prefixed to the second group divide by a*“4 
and find the value of the quotient when x=6. If the result be 
positive denote it by 4,, and put 4,x*“ at the head of the next 
group; and so on. If all the results be positive up to the last, 
6 is a superior limit of the positive roots. The number 6 to be 
tried may be selected by one of the easier rules, remembering 
that it is not likely a number will be required much higher than 
the superior limit found from considering only the first group. 


For example, take an equation of the 18" degree. We will 
write down coefficients only, in groups, ‘ 
(7 +4+4 3-80 - 100) + (20-100) +(3 + 2+ 1-40-1000 — 1000) 

+ (70 — 8000 — 2000) + (1000 — 400 — 4000). 

Here from considering only the first group we see that 2 is 
too small; we will try 3. We proceed to calculate the value 
when «= 3 of 

Ta* + 40° + 3a? — 80x —100 
7 4 3 — 80 -— 100 
7 25 78 154 362 
Thus A, = 362. 


aa 
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We proceed to calculate the value when x= 3 of 
3622? + 20x- 100 
362 20 -100 
362 1106 3218 
Thus A,= 3218. 
We have next to calculate the value when «=3 of 
oe 32182 + 3x? + Qar* + a? — 40z* — 1000z — 1000. 
It is however sufficiently obvious now that we shall obtain posi- 
tive results to be denoted by A,, 4,, and A,; so that 3 is a superior 
limit of the positive roots. 


In this example the rule of Art. 90 would give 1+ a 
which is more than 70; and the rule of Art. 89 would give 
Pes —— which is more than 11. 


The following is a brief statement of the theorem. Divide 
the whole expression into successive positive and integer lots, 
A,-B,+C,-D,+...3; ~, % 7; %--- representing the last expo- 
nent of « in each lot. Divide A,—B, by 2*, and ascertain a 
value of x, say A, which makes the quotient positive ; let / be this 
quotient. Divide i +C,—D, by <’, and ascertain a value of g, 
say p, which is perhaps not greater than but must not be less 
than , which makes the quotient positive ; let m be this quotient. 
Continue the process with mz'+H,—F,, and so on to the end. 
The last value of x used is greater than any root of the equation ; 
and the first value of z, namely A, is very often the last also. 


XXV. CAUCHY’S THEOREM. 


307. We shall devote the present Chapter to the demonstra- 
tion of a remarkable theorem given by Cauchy, the object of which 
is to ascertain how many roots real or imaginary lie within as- 
signed limits ; in fact, the theorem proposes to effect with respect 
to the roots in general what Sturm’s theorem effects with respect 
to the real roots. 
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308. Take any rectangular axes, and let x, y be the co-ordi- 
nates of any point. Let ¢(z) be any rational function of 2; 
then ¢ («+y,/—1) can be expressed in the form p+g/—1l. A 
point whose co-ordinates are such that p and qg simultaneously 
vanish, will be called a radical point. Describe any contour — 
ABCD; then the number of radical points which lie within this _ 
contour will be given by the following rule. Let a point move 


round this contour in the positive direction, and note how often P 
g 


Fe ea A Wheel 


passes through the value 0 and changes its sign; suppose it to 
change & times from + to —, and 7 times from — to +; then the 


number of radical points which lie within the contour is Xk —l). 


ce) x 


It is to be observed that the contour is supposed to be so 
taken that no radical point lies on it; also if any imaginary root 
of the equation ¢(z) =0 is repeated two, or three, or more times, 
we consider that we have two, or three, or more radical points, 
although these points coincide. By movement in the positive 
direction we imply that a radius vector drawn from a fixed point 
within the contour to the moving point passes over a positive 
angle equal to four right angles, while the moving point passes 
round the contour. 


The theorem is proved by first considering the case of an in- 
finitesimal contour, and then the case of a finite contour, 
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309. - Take any point G, which is not a radical point, within 
the contour, and describe an infinitesimal contour including G. 
Suppose that the moving point passes in the positive direction 
round this infinitesimal contour; we have then four cases to 
consider. 


(1) Suppose that neither p nor q vanishes within or on the 
contour. Here 7 does not change sign at all during the circuit ; 


so that the rule asserts that there is no radical point within the 
contour, and this is true because p and g do not vanish. 


(2) Suppose that ¢ does not vanish within or on the contour, 
but that p does. In this case may change sign as the moving 


point passes through a position for which p vanishes. But at the 
end of the circuit p has resumed its original sign, and thus there 
must have been the same number of changes from + to — as from 
—to+. Hence & and / are equal, and the rule asserts that there 
is no radical point within the contour, and this is true because g 
does not vanish, 


(3) Suppose that p does not vanish within or on the contour, 
but that g does. In this case 7 never vanishes, so that the rule 


asserts that there is no radical point within the contour, and this 
is true because p does not vanish. 


(4) Suppose that both p and qg vanish within or on the con- 
tour. If they do not vanish simultaneously we may divide the 
space bounded by the contour into other spaces, for some of which 
p alone vanishes, and for others g alone vanishes; thus we obtain 
two or more contours instead of one, and these fall under the 
cases (2) and (3). We have then only to consider the case in 
which p and g vanish simultaneously, so that there is a radical 
point within or on the contour. And we may suppose the con- 
tour so small that there is only one distinct radical point within 
it, and none on it. 
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Let a, b be the co-ordinates of this radical point; and put 

x=a+rcos6, and y=b+rsin6; thus 
a+y/—l=a+bJ—1+7 (cos6+,/—I sin 6), 
=a+b/-1+», say. 

Suppose now that the equation ¢(z)=0 has the roota+b,/—1 
repeated m times; then ¢(a+b/-—1+v) takes the form 
co™+c,0"* +e"? + ..., where ¢, ¢,, ¢,,... are certain imaginary 
expressions of the sided form; so that we may suppose 

c=h(cosat+,/—I1sina), ¢,=h, (cosa, + J/=1sin ce eee 

Hence, by De Moivre’s theorem we shal! obtain 


p _hoos(m6 +a) +h,rcos{(m+1)6+a,} +h r°cos{(m+2)6+a,}+... 


gq Asin(m@+a)+h,r sin{(m + 1)6+a,}+h,r’sin{(m+2)6+a,}+... 


We may suppose r so small that the number of changes of sign 
shall be unaffected by 7; that is, we may proceed as if . =cot(m6+a). 


And as m6 increases from one multiple of 7 to the next 
multiple of 7, there is always one passage through zero accom- 
panied by a change of sign from + to—-. Thus we have k= 2m, 


-and J/=0; so that 3 5 —l)=™m, according to the rule. 


310, The theorem is thus proved for an infinitesimal contour; 
and we shall now consider the finite contour ABCD. Let the 
contour be divided into an indefinitely large number of infini- 
tesimal contours, these contours being so taken that no radical 
point falls on any of them. Then the number of radical points 
within ALCD can be found by making a point describe all these 
infinitesimal contours, and adding together the numbers furnished 


by the rule, which we may denote by 2 x(k-1). But the same 


result will be obtained if we omit all the interior lines of division, 
and retain only the boundary ABCD. For each point on any 


interior line of division belongs to ¢wo contours, and is therefore — 


—s es 
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traversed by the describing point twice and in contrary directions ; 
so that, if in one case there is a change int from + to —, there is 
a change in the other case from — to +, and on the whole the 


number eS (k—1) is unaffected. Hence the interior lines of 


division may be omitted, and the moving point constrained to 
describe the contour ABCD alone. 


Thus the theorem is proved. 


311. We can now immediately deduce the theorem that an 
equation of the n™ degree must have 7 roots. Suppose the contour 
ABCD to be a circle with the origin as centre and an indefinitely 


large radius. The value of A will now depend only on the term in- 


volving the highest power of z in ¢(z); and if we suppose that term 


to be h(cosa+,/—1sina)z”, we shall have : =cot (nO+a). Thus 


we shall obtain k= 2n, and 7=0; so that £(k —l)=n 


312. We have drawn the figure in Art. 308 so that if from any 
point within the contour a radius vector is drawn in one direction 
it meets the contour in only one point. The figure however need 
not be so restricted; it may be such that a radius vector drawn in 
one direction may meet the contour any odd number of times. 
Hence as a point moves round the contour the radius vector drawn 
to the moving point from any fixed origin within the contour will 
not always revolve in the same direction. By the positive direc- 
tion of movement of the describing point we must understand that 
for which, although the vectorial angle may not be always increas- 
ing, yet on the whole the positive angle 27 is gained in the 
circuit. 


The demonstration will not be affected by the admission of the 
kind of figure here contemplated; for the infinitesimal contours 
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may still be supposed, if we please, ovals which have only one radius 
vector drawn in any definite direction from a fixed origin. Or if 
we do not adopt this restriction we must observe that at the end 
of Art. 309, as @ now does not always increase, there may be more 


values of 6 for which ; vanishes, than we contemplated; but if so, 


there will be exactly as many more changes from + to — as from 
— to +. 


313. We have supposed throughout that there is no radical 
point on a contour considered. If there be, no change is made in 
our investigations except at the end of Art. 309; and here instead 
of having the range 27 for 6 we have only z, so that m occurs 
instead of 2m as the number of changes of sign. 


314. Cauchy’s Theorem is given in the Penny Cyclopedia, 
Article Theory of Equations, in Mr De Morgan’s Z'rigonometry 
and Double Algebra, and in Mr De Morgan’s Memoir to which 
we have referred in Art. 32; from these sources the present 
account of it has been derived. 


XXVI. NEWTON’S RULE AND SYLVESTER’S 
THEOREM. 


315. Newton enunciated a rule respecting the number of 
positive, of negative, and of imaginary roots in an equation, 
which remained without demonstration until the recent researches 
of Professor Sylvester, who has established a remarkable general 
theorem which includes Newton's rule as a particular case. The 
original sources of information on the subject are the Philosophical 
Transactions for 1864, the publications of the London Mathema- 
tical Soctety, No, 11., and the Philosophical Magazine for March, 
1866; from these sources the exposition which we shall now give 
has been essentially derived. 


316. We begin by enunciating in substance Newton’s rule, 


SEWIOS'S EULE AND SYLVESTER’S THEOREM. 237 
La f(a) =0 be an algebraical equation of the n™ degree; and 
Sappoese 
f@)=ag0 + nag +20) Ago + ...+0h,_ 2+; 


then «,, 4, Gy,---4, taay be termed the simple edlements of f (z). 
Le a new series of quantities A,, A,, A,,---A, be formed in 
the following way: 


=a? ee 
4,=4,%, A,=07-ag,, A,=43-44,,...... 


nk =o, -a4f,, Aj=a?; 


| a-t a—Z 2? = 
then A,, A,, A,,.--A, may be termed the quadratic dements of f (z). 
We shall oll 4, 4, 2 sxceesion of simple dements, and 
TO A, & ea of quadratic dements ; and we shall call 


“a A, As 

an associated couple of successions. 
_ Now 2 succession may present either 2 permanence or 4 varia- 
tion of sign ; and this will be termed for brevity 4 permanence or 
a variation. Thus in an associated couple of successions we shall 
lave one of four cases; two permanences, or two variations, or 4 
“superior permanence with an inferior variation, or 4 superior 
variation with an inferior permanence: these may be called 
respectively 4 double permanence, 2 double variation, a perma- 
nence-variation and 4 variation-permanence. 

‘The following is equivalent to Newton's complete rule: 

Write the whole series of quadratic elements of f(z) under the 

whole series of simple elements in their natural order ; then : 

The number of double permanences in the associated series is 

a superior limit of the number of negative roots of the equation 

I@= 

_ The number of variation-permanences is 4 superior limit of 

the number of positive rovte. 

“From either of these two statements the other follows by 


changing the agn of z in f(z). 
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It follows from these two statements that the whole number 
of real roots cannot exceed the number of permanences in the 
series of quadratic elements; and therefore the number of imagi- 
nary roots cannot be less than the number of variations in the 
series of quadratic elements. 

It should be noticed that writers who have quoted Newton’s 
rule seem always to have restricted themselves to that part which 
relates to the number of imaginary roots. 


317. We will illustrate Newton’s rule by some examples. 
Suppose 2a* — 132° + 102-49 =0. 
Here the series of simple and quadratic elements are 


13 10 
2, 0, Gat Fe — 49, 
4, 13 169 1199 2401. 


32.362 eadae 

Thus whether we suppose the zero which forms the second of 
the simple elements to be positive or negative, we find that there 
is one double permanence, and one variation-permanence ; so there 
cannot be more than one positive root, and there cannot be more 
_ than one negative root: there are then certainly two imaginary 
roots. 

These results agree with those in Art. 203. In this example 
Descartes’s rule would indicate that there cannot be more than 
three positive roots ; so that Newton's rule gives us fuller informa- 
tion than Descartes’s. 

Next suppose = 2° + a°—a*—a* +2°-2+1=0. 

We will write down the series of simple elements, and the 
signs of the quadratic elements : 


erect Pe Pes 
iis $s (PAs 20° 1b? gen 
tits a4 +; ioe ee | +. 


Here there are two double permanences, and two variation- 
permanences; so that by Newton’s rule there cannot be more 
than two positive roots, and there cannot be more than two nega- 
tive roots. 


byl odd Mae x dl 
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Descartes’s rule would indicate that there cannot be more 
than four positive roots. 


In this example it may be shewn by Sturm’s theorem that 
all the roots are imaginary; or we may obtain the same result 
thus; It is obvious that there can be no positive root greater 
than unity ; and the equation may be written in the forms 

a’ +(1—x)(1l+a2°—2*)=0, x? (x+1)?(e-1)+a°-2%+1=0, 
which shew respectively that there is no positive root less than 
unity, and no negative root. 

Next suppose «° — 12a° + 60x* + 123x? + 4567a— 89012 = 0. 


We will write down the series of simple elements, and the 
signs of the quadratic elements : : 


41 4567 
1,5 =2;— 4; 40; eg es — 89012, 
+, 0, +, -, +4, +, +. 


There is one double permanence whether we suppose the zero 
in the upper series to be positive or negative, and one variation- 
permanence if we suppose the zero in the lower series to be nega- 
tive; so that by Newton’s rule there cannot be more than one 
positive root, and there cannot be more than one negative root. 


Descartes’s rule would indicate that there cannot be more 
than three positive roots. 


In this example we' know by Art. 21 that there is certainly 
one positive root and one negative root; it will be found on trial 
that the former lies between 1 and 10, and the latter between — 1 
and — 10. 


318. The preceding examples shew that Newton’s rule may 
often be applied with facility. It is obvious that it always tells 
us as much as Descartes’s rule, and often tells us more. For with 
respect to positive roots, for example, Descartes’s rule takes the 
number of variations in the series of simple elements, while 
Newton’s rejects those variations which are unaccompanied by 
a permanence in the series of quadratic elements. 
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$19. The following is Professor Sylvester’s Theorem : 

Lot /(@ +A) be arranged according to powers of w; let the 
sories of simple elements and the series of quadratic elements be 
formed, and let the number of double permanences be called the 
number of double permanences due to A, and be denoted by a (A). 
In like manner let the number of double permanences for 
J (w+) be called the number of double permanences due to p, 
and be denoted by a(n), Suppose p greater than A; then 
w() —@ (A) is either equal to the number of roots of the equa- 
tion (x) =0 between A and p, or surpasses that number by some 
even integer, 


320, Before demonstrating this theorem we will shew that 
it includes Newton’s rule, 

Put 0 for » and —« for A, We have a(—«)=0; for when 
Nis —c, the simple elements of («+ A) are alternutely positive 
and negative, so that there can be no double permanences. 

Thus a (0) = @(0)— a (— ). 

Therefore, by the above theorem, w (0) is either equal to the 
number of roots of the equation f(a) =0 between —c and 0, or 
surpasses that number by some even integer. This establishes the 
first part of Newton’s rule, from which the other parts follow. 


321, The simple elements of /(# +A) are 
PN ik Te bal by 2 fee 
“aN tel £70), pray, ray, 


>a |n-1’ n(n—1) |n—2 reais 


It will make no change in sign if we multiply every element 
by |2; thus the series becomes 


PA) fo (A) 1. 2778) eB Fe eae \jm-1f'"(A), | f(A). 
In like manner by omitting the square of |r—1 from the 
quadratic element we obtain the series 


GAN) Oc (Aly Gv enaaes G,(A), GA), 


ny 


where. —@,(A) stands for {f7(A)}? —y, f(A) F(A), 


—r+1 
denoting mee 
Yq, CORON g Snes 
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We have then to determine the laws of the change in the 
number of double permanences in the associated series 


I), FO FO) ------F' Os FO, 
E6, €_., &_.() ------F, (4, FO, 
as ¢ increases, 


No change can take place except when ¢ passes through 2 value 
which makes one or more terms vanish in either or both & the 
series of elements, 


322. It will be necessary to investigate the value of the de 
_ Tived function of a quadratic element; let 6, (¢) deticte the quadex 
tic element, and 6’, (é) its derived function. 


To obtain G’_{t) we must suppose & (£ +h) to be in 
powers of A, and take the ecefficient of A, 


G (t+ hy ={f" (+h) P—y fF” * (£+b) Sf" €+5) 


=I") +f" (+ ---F 
— ASO Ot HS" O44 4 
The coefficient of / is 
(2-y)F* OF O — ta OF" 
Now it is easily seen that 
I 
Ce: SEE, 


thus = — SOL 0-1 oro 


1 wig SOF es 
== F017 6- LE 9 FG 6-0 


I" 
= F™() I~" (6) a 
4 7 Ti Malia soo” ona 
5 aa 16 
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323, Suppose that a single term in the series of simple ele- 
ments intermediate between the first and the last vanishes when 


t=c, say f”(c) = 0. 

Let 2 be an indefinitely small quantity ; this will be the mean- 
ing of & throughout the investigation: then /"(¢+/) has the sign 
of hf**!(c). Thus the associated terms 


Sf (et+h), f(erh), f+, 
Gj (c+h), G(ct+h), G_(e+h), 
have the same signs as 
Fey WE Cy F™()s 
{re@l, Frases {f-@} 


If, f"*'(c) and f""(c) have the same sign, the terms here con- 
sidered have no double permanence. If /"*'(c) and f*(c) have 
contrary signs, there is one double permanence whether we suppose 
h negative or positive. 


Thus no change is made in the number of double permanences 
when ¢ increases through the value c. 


324. Suppose that a single term in the series of quadratic 
elements intermediate between the first and last vanishes when 
t=c, say G(c) =9. 

Since @,(c) = 0 it follows that #""(c) and /"*"(c) have the same 
sign, Thus the associated terms 

SM(c+h), fr(erh), Sr (c+h), 
Gii(ct+h), Gler+h), @_ (e+h), 
have the same signs as 
IC) FC» FO) 
Gaile), AEC)» G1 (2)s 
and by Art. 322 the sign of G’,(c) is the same as that of 


F*(c) 
Fo) G.,, (e). 
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If f’"(c) and f”(c) have contrary signs, the terms here con- 
sidered have no double permanence. 


If f'*'(c) and f"(c) have the same sign, and @,,,(c) and G__, (c) 
have contrary signs, there is one double permanence whether we 
suppose / negative or positive, 


If f’" (c) has the same sign as f’(c), and G_, (c) the same sign 


r+) 
as G',_,(c), there is no double permanence when / is negative, and 


there are two when h is positive: thus in this case two double 
permanences are gained when ¢ increases through the value e. 


325. Suppose that several consecutive terms-of the series of 
simple elements vanish when ¢ = c, say 


poet Gey Fc) Swe ee) = 0, 


Thus we suppose s consecutive terms to vanish, and as f"(c) is a 
constant which cannot vanish, 7 +s cannot be greater than n: we 
suppose that r is not zero, 


We have to consider the changes in the signs of 
MRT OME Miler ie ale) 
Ce, (t), Gan (4), Gee (t), cH G(t), Ce (t), 


produced when ¢ increases through the value c. Let $(c) stand 
for f’**(c) ; then when t=c+h, the signs of the simple elements 
here considered are the same as the signs of 


$(c), hplc), Mp(c), --Mb(c), £(c). 


We proceed to investigate the signs of the quadratic elements: 


F 2 
Gl@= | Vise (e)} , which is positive, 


2 
G_,(c)= { Siti ) , which is positive, 
16—2 
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alerhy={ f(c+h)} 7S MeO F™C+h) 5 


expand in powers of / and take the term which involves the lowest 
power of f: thus we obtain 


~ 1 F7(2 $(0) con 


so that the sign is the same as that of 

—f71(0) be). 
We shall now shew that the other quadratic elements which we 
have to consider are positive. For 


@(c+h) ={sr(cd)) yf (0h) S*(0+)) 


let w stand for r+s—m; then by expanding and picking out the 
term which involves the lowest power of we obtain 


(ohh? were ec 
ae — Ym (¢) eee pels 


the sign of this is the same as the sign of 


etl 


<< Vm 


B 
that is as the sign of 
r+3—m+1l n—m+l1 


¥r+s—m W— Mm = 


that is as the sign of 
1 1 


r+3—m n—m' 


Now r+ is not greater than n so that the sign is never negative ; 
the case in which x + s=% will require further examination. 


In this case 
L(=0, fe) =0, Gate) =0; 
and as f”(t) is of n—7 dimensions in ¢ it follows that all the roots 


of f"(t)=0 are equal to c.. Thus /’(t) is of the form 0 (t-—c)"" 
where C is a constant. 
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Then ff") =C(n-7)(t-0)"", 


He) = C(n _ r)(n iia 1) (é 2s 3 pees 
and thus it will be found that G,,(¢) is identically zero. And in 


like manner it will be found that G,,(t), @,,(¢), --- G,_,() are 
all identically zero. 


We will adopt the convention that these quadratic elements 
which are identically zero shall be supposed to have the positive 
sign; and thus the case in which r+s=m will lead to the same 
results as that in which 7 +s is less than x. 


Thus finally the signs of the terms of the associated series 
which we have to consider are the same as the signs of 


$(c), Alc), Wh (c),..cccreceee h'b(c), f’* (0), 
+, +, A errr +, -W’"d(c)f""(c), +. 


We can now ascertain the number of double permanences; the 
following results will be easily obtained: 


Suppose s even, and ¢(c) and f’~'(c) of the same sign; when 
h is negative there is one double permanence, and when h is posi- 
tive there are s—1: thus s—2 double permanences are gained 
when ¢ increases through the value e. 


Suppose s even, and ¢(c) and /"~'(c) of contrary signs; when 
h is negative there is no double permanence, and when h is posi- 
tive there are s: thus s are gained. 


Suppose s odd, and ¢(c) and f”~'(c) of the same sign; when h 
is negative there is no double permanence, and when h is positive 
there are s—1: thus s—1 are gained. 


Suppose s odd, and ¢(c) and f’~’(c) of contrary signs; when / 
is negative there is one double permanence, and when h is positive 
there are s: thus s—1 are gained. 


Hence an even number of double permanences is gained when 
t increases through the value c. 
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326. Suppose that several consecutive terms of the series of 
quadratic elements vanish when t= c¢, say 


G... .(O)m 0, eee ete es G,(c)=0. 


Thus we suppose s consecutive terms to vanish, and as G a(¢) 18 & 
constant which cannot vanish, 7 +s cannot be greater than m: we 
suppose that 7 is not zero. 


In consequence of the vanishing of the s consecutive quadratic 
elements, we have the following conditions holding among the 
simple elements comprised between 7,,(c) and f_,(¢), both in- 
clusive: 

FaslC)y Frasa(C)> Aaea(C))-+- are all of the same sign; 
Frail) Seae-s(C)> Arres(€)>-+ are all of the same sign. 
If the terms in the second set have the contrary sign to those 


in the first set there is no double permanence when t=c+h, 
whether we suppose / positive or negative. 


We have then only to consider the case in which the terms in 
the two sets have all the same sign. 


Let G,,,(0 and G@,(¢) be any two consecutive quadratic 
elements comprised between @,,(¢) and G@_(é), both inclusive: 


ets 


a) ai b 1 
then @,,,(¢+) and G (c+) shall have contrary signs when / 
is negative and the same sign when A is positive. 


For by Art. 322, 


vac een 0) 
8 Yat Gs (t) + mer gy Fm ( (?). 


Put c+A for ¢, and expand in powers of h. 
Suppose that in @ (c+) the term which involves the lowest 
eg 
power of A is = R®, so that R is the value of the p™ differential 


coefficient of G@(c) with respect to c. Then the term which 


R 
le—l 


involves the lowest power of h in G’,(¢+h) will be a 
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Hence from the above equation the term which involves the lowest 
power of hin @,,,(c+h) will be 


ASS ge 
J op—-l 


Hence finally G(c +h) has the sign of RIP and Gz, (c+ h) has 
the sign of Kh’; so that 4, (c+h) and G(c+h) have con- 
trary signs when f/ is negative, and have the same sign when h 
is positive. 


Thus the simple elements which we have to consider have all 
the same sign; and the quadratic elements comprised between 
G,A¢+h) and G (c+h), both inclusive, have alternate signs when 
h is negative and have the same sign when h is positive. 


We can now determine the number of double permanences ; 
the tullowing results will be easily obtained: 


Suppose ¢ even, and G,,,(c) and G,_,(c) of the same sign; when 
h is negative there is one double permanence, and when h is posi- 
tive there are ¢+1: thus s double permanences are gained when 
t increases through the value c. 


Suppose s even, and G,,,(c) and G_,(c) of contrary signs; when 
h is negative there is no double permanence, and when h is posi- 
tive there are 8: thus ¢ are gained. 


Suppose ¢ odd, and G,,,(c) and G_,(c) of the same sign; when h 
is negative there is no double permanence, and when h is positive 


there are 8 +1: thus s+1 are gained. 


Suppose ¢ odd, and G_,,(c) and G,_,(c) of contrary signs; when 
h is negative there is one double permanence, and when h is posi- 
tive there are 8: thus «—1 are gained. 


Hence an even number of double permanences is gained when 
t increases through the value c. 


327, We now consider what takes place when an extreme 
term vanishes. 
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7"(t) and G"(#) are constants, and can never vanish; and @(é) 
is essentially positive. 

Suppose however that f**(c)=0, f*?(c) =0,... f(c)=0, so 
that c is a root repeated s times of the equation f(x)=0. Then, 
as in Art. 325, the last s+1 terms of the associated series will 
have the same signs when ¢=c+ A, as 


Silo), BE(c), RF *(Byasersensnnse hft(c), df*(c), 


3 
+, 2 Yea 57 Yea Sauces aauses 


Here when f& is negative there are no double permanences, 
and when A is positive there are s: thus s double permanences 
are gained when ¢ increases through the value ¢. 


328. This completes the demonstration of the theorem. The 
general result is that the number of double permanences belonging 
to the associated series is increased by at least as many units as 
there are real roots, equal or unequal, passed over as ¢ increases 
from one specific value to another ; and the excess, if any, of such 
number over the number of real roots will be an even number. 


Thus, with the notation of Art. 319, we know that the num- 
ber of real roots between A and @ cannot exceed w(n)—-a@ (A). If 
we know that some of the double permanences gained arise from 
the vanishing of any of the elements except /(é) we can of course 
make a corresponding reduction in the extreme number of real 
roots. Thus, for example, suppose that s double. permanences are 
gained in the manner considered in Art. 325, then the number of 
real roots between A and y is not greater than @(«)—@ (A) —s. 


329. Some extension may be given to the theorem by ascrib- 
ing another value to y,. The principal property of y, which is 
required in the preceding investigation is that used in Art, 322, 
namely, 


1 
ae 2 ee 
y, Y- 


as On 
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We may then examine what form of , will satisfy this equa- 
tion. We wiill solve the equation, though the process will require 
from the student a knowledge of the elements of the Calculus of 
Finite Differences. 


thus Foe Pe 
U4, Us 
therefore 4, ,,— 2t,,,+4,=0. 
The sclution of this equation is 
u,=A+B(r—1), Z 
where A and B& are constants. 
4A+B(r-1) 
eee a Ey 
LE tee | 
Czr’” 
A 
where ( stands for 5. 


The student who is not acquainted with the Calculus of Finite 
Differences may easily verify that this value of y, satisfies the 
relation 

1 
Vrei 
We have also to satisfy the condition that y, shall be positive, 


and also the condition assumed in Art. 325, that A=” — 1, shall 


be positive ; these conditions will be satisfied if (’ be any positive 
quantity, and also if C be negative provided it does not lie between 
0 and —x. 


=2-y, 


330. Professor Sylvester observes that his theorem bears the 
game relation to Newton’s rule which Fourier’s theorem bears to 
Deseartes’s rule. Fourier’s theorem may be stated thus: 
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Form the simple elements corresponding to f(«+2) and to 
Jf («+ p). Let p(d) and p() denote the corresponding numbers of 
permanences of sign; and suppose » greater than A. Then 
p(u) —p(a) is either equal to the number of roots of the equation 
J (w)=0 between A and p, or surpasses that number by some even 
integer. 


331. We have given in Art. 106 a simple proposition which 
resembles a special case of Newton’s rule; and it is easy to extend 
the proposition so as to convert the resemblance into a coinci- 
dence. For take the equation there obtained, 


y+ me 1) p, y a Aude eS Prey 
r+l 


of ee Se 
1,2 ar : 


this equation has at least as many imaginary roots as any of its 
derived equations. Take the (*— 1) derived equation, which is 


(r+l)r . r(n—r)p (n-r+1)(n-r)p,_, 
So? + Ay 4 1 = 0, 
1.2 of Prat 7 1.2 Pro 


This equation has imaginary roots if 
(nm iy 1) Tp, oe (n. = Cee 1) (r te EWE ae Prar 
is negative ; and hence in this case the original equation 
Pet pe + par +...+p =0 


has imaginary roots. 


It will be found that the above condition is equivalent to 
having one of the quadratic elements negative; and as the first 
and last quadratic elements are positive, there must be at least 
two variations in the quadratic elements and therefore at least 
two imaginary roots. See Art. 316. 


This special case of Newton’s rule, and only this, had been 
established before Professor Sylvester’s investigations. 


332. If we consider the intrinsic beauty of the theorem which 
has now been expounded, the interest which belongs to the rule 
associated with the great name of Newton, and the long lapse of 
years during which the reason and extent of that rule remained 
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undiscovered by mathematicians, among whom Maclaurin, Waring, 
and Euler are explicitly included, we must regard Professor 
Sylvester’s investigations as among the most important contri- 
butions made to the Theory of Equations in modern times, justly 
to be ranked with those of Fourier, Sturm, and Cauchy. 


XXVII. REMOVAL OF TERMS FROM AN 
EQUATION. 


333. We have already in Art. 56 shewn how to transform 
an equation into another which shall want an assigned term. We 
shall now consider this subject more generally, and shew how 
theoretically any number of terms may be removed. The method 
of transformation which we shall explain is called by the name of 
its inventor Tschirnhausen. 


334. Suppose we have the equation 


Ty ia a iia, fp pe Nes Sic sy, (1). 
Assume 
YHA, +AU +00 +... FOLGE NY Gs. doth Pees (2), 
where m is an integer less than n, and a,, a,,...a@,, are constants 


at present undetermined. We propose to eliminate , and thus 
form an equation in terms of y. Since there are as many values 
of y as of « the equation in y will be of the degree n, 


The elimination may be effected thus: raise the equation (2) 
to the powers denoted by 2, 3,...%; and by means of (1) de- 
press the exponents of x, so that none of them shall exceed 1-1, 


in the following way, 
2 oS 2-2 a sed 
C= — pi — Pen — ween ee Cais 
n+l n n—-l = = 2 aa é: 
eT = — Pye" — pa — wees pf — pm; 


substitute for x” its value from the preceding line, and we have 
a"* expressed in terms of 2"~' and lower powers of x; then mul- 
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tiply by a and substitute as before, and we have x"** so expressed ; 
and so on, ‘Thus we shall obtain results of the following form : 
yr=b,+b.e+bar+...+6,_ 2°", ) 
yr =e, $6 e+0e + ...+ a 
yak thetkhet+... +k. 
Here 6,,.0.5... 02, 
second degree of the undetermined quantities a,, a 


are integral homogeneous functions of the 


19 00 @3 also 


Cy) Cyy +++ C,_, are integral homogeneous functions of the third 
degree of a, @,, ... @,, 3 and so on. 


Let s,, 8,, 8,,-.. denote the sums of the first, second, third, ... 
powers of the roots of (1); and let S,, S,, S,, ... denote the sums 
of the first, second, third, ... powers of the roots of the required 
equation in y. Then from (2) and (3) we have 


S, = 24, + 4,8, +4,8,+...+0,_ 8, ,+@,8,5 


m-l m—1 


S,=nb, + bs, +b,8,+...+0 8 


n-1"a—1) 
S,= NC, + 6,8, +6,8, +... +6,_8 , es 6 
S =nk, +k,s,+hs, +... tk,_,8,_) 
Thus, as the sums of the powers of the roots of the equation 
in y are known we can construct the equation; see Art. 244, 


Or we may proceed thus: from equations (3) we can obtain 
the values of a, 2", ...""' in terms of the powers of y; then 
by substituting in (2) we have the required equation in y. This 
method has the advantage of giving as a rational function of y, 
and thus the value of each root of (1) will be known as soon as 
the equation in y is solved. 


335. We may now take the hitherto undetermined quanti- 
ties a, @,...@,, So as to make some terms disappear from the 
equation in y, For example, suppose we wish to make the coeffi- 
cients of the m terms which succeed the first disappear ; it will 
be sufficient to put 


Si=0, S009 —0, 


m 
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But from equations (4) we see that S, is of the first degree 
with respect to a, 4,,...a,, that S, is of the second degree, S, 
of the third degree, andso on. Hence by Art. 259 the determi- 
nation of these quantities a,, a,,...a,, of which one may be 
assumed arbitrarily, will depend on the solution of an equation of 


the degree |m. 


336. We shall make an application of the preceding method 
which is of especial interest in connexion with equations of the 
fifth degree: a preliminary proposition will be si ate which 
we shall now give. 


337. An integral homogenzous function of the second degree 
of n variahles can be expressed as the sum of the squares of v 
linear functions, the number v not being greater than n. 


Let V be an integral homogeneous function of the second 
degree of the n variables x 2 


1? a3- a” 

If n=1, the function contains only one variable, so that it is 
of the form Pzx,’, that is, (x,,/B)*. 

Suppose that m is greater than 1, and that V involves the 
square of one of the variables, say «,*; then by arranging in 
powers of x, we obtain 

V= Ba,’ + 2Qz, +R, 
where a is a constant, Q is a linear function of the n—1 varia- 


bles, z, ...¢,, and & is an integral homogeneous function of 
the ay fee of these n—1 variables. 


Put Xam+4, i= -2-$; 
thus V=(X,J/B)'+ Vi, 


and V, is an integral homogeneous function of the second degree 
of 2-1 variables at most. 


Next suppose that V does not contain the square of any of the 
variables ; then, arranging V with respect to two variables z, and 
Lp we have 
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V = Bax, + Qu, + Ru, +S 


-a§)(we$)o8-F 


R 
Put X25 (ates ‘), 
eet al he 
X,=5(4-4-& ): 
a! QR 
V,=S-=3 
B 


thus V=(X,—X,)+V,=(4, /B)'+(X,/—B)'+ Ve 


Here X, and X, are linear functions which may involve the x 
variables «,, #,,...%,; and V, is an integral homogeneous function 
of the second degree which involves at most 2 —2 variables. 


Thus in the first case the function V which involves 7 vari- 
ables is made the sum of a certain square and of V,, where 
V, involves only n—1 variables at most ; and in the second case 
V is made the sum of two squares and of V,, where V, involves 
only m—2 variables at most. Then by continuing the process on 
V, or V, we can finally express V as the sum of not more than 
m squares, 


338. Let there be an equation 


a=] n—2 


a+ pe + pe +. tp =0. 


= 2 8 4 
Assume YHA + AU+ A + 4,0 + O20". 


Let the equation in y obtained by eliminating x be de- 
noted by 


y" a gy" 

Now from Art. 334 it will follow that 91> Yor Ygy ++ BYE re- 
spectively of the first, second, third, ... degrees with respect to 
the quantities @,, a,, a,, a,, a,. Suppose then that we wish to 
make the second, third, and fourth terms of the equation in ¥ 
disappear, We put 


+9,y" ?+...4+9,=9. 


q, =F 0, 9, = 0, Co 0. 


t 
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The first of these equations is of the first degree. Suppose 
we obtain a, from it in terms of a,, a,, a,, a,, and substitute 
in the second and third equations; and then denote these 


equations by 
q,=9, ¢,=0. 


Here q’, is an integral homogeneous function of the second 
degree with respect to a,, 4,, d,, 4,; and q’, is an integral homo- 
geneous function of the third degree. 


By Art. 337 the equation q’,=0 may be put in the form 
S?+ G+ +h =0, 


where f, g, h, and & are linear functions. This equation will be 


satisfied by putting 

S=9/ -1, h=kf-I; 
these two equations are linear. Suppose we deduce from them 
the values of a, and a, in terms of a, and a, and substitute in 
the equation ¢,=0; and then denote this equation by 


q', = 0. 

Here q”, is an integral homogeneous function of the third 
degree with respect to a, and a, One of these quantities may 
be taken arbitrarily, and the other can then be found by the 
solution of a cubic equation. 

If we wish to make the second, third, and fifth terms 
disappear from the equation in y the process will be similar 
but the final equation will be of the fourth degree. 


339. If with the transformation of Tschirnhausen we com- 
bine that of changing the unknown quantity into its reciprocal 
we can by the aid of a single equation of the third or fourth 
degree remove from an equation the three terms which precede 
the last, or the two terms which precede the last, together with 
the fifth from the end. 


340. Thus we sce that the general equation of the fifth 
degree can always be reduced to any one of the following forms: 


a+petgq=0, a +pe?+q=0, a +pa?+q=0, aw +pet+q=0. 
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341, The foregoing Articles of the present Chapter have been 
derived from Serret’s Cours @’Algebre Supérieure. 


The reduction of the equation of the fifth degree to the form 
of the preceding Article was given by Mr Jerrard; it appears 
from a paper by Mr Harley in the Quarterly Journal of Mathe- 
matics, Vol. vi, that the result had been previously obtained by 
E. S. Bring, a Swedish mathematician. 


Mr Jerrard considered that the algebraical solution of equa- 
tions of the fifth degree could be effected ; his proposed method 
formed the subject of an enquiry by Sir W. R. Hamilton in 
the Reports of the British Association, Vol. v1. Most mathema- 
ticlans admit that Abel has demonstrated the impossibility of 
the algebraical solution of equations of a higher degree than 
the fourth, .An abstract of Sir W. R. Hamilton’s exposition of 
Abel's argument will be found in the Quarterly Journal of 
Mathematics, Vol. v. 


A simpler demonstration due to Wanitzel will be found in 
Serret’s Cours d’Algebre Supérieure. 


An Essay on the Resolution of Algebraical Equations by the 
late Judge Hargreave has been recently published; the results 
arrived at are to some extent at variance with those of Abel and 
Sir W. R. Hamilton. 


XXVIT. INTRODUCTION TO DETERMINANTS. 


tes 


342. We now propose to give some account of the theory of 


determinants, a branch of Mathematics of comparatively recent 
origin, but already of great and rapidly increasing importance. In 
the present Chapter we shall consider some particular examples and 
illustrations which will enable the student to form a conception of 
the nature and properties of determinants ; in the next Chapter 
we shall demonstrate the principal general theorems of the subject, 
and in the following Chapter we shall give some applications to 
the theory of equations. 
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Consider the simultaneous equations 
ad agrby=c,, age + by = Cy; 


from these equations we obtain 


eu ae 1 
se a ee is 
tb,-Uf, ab, — 4, 


The common denominator o,b,—a,f), is called the dterminant of 
the four quantities 0,,h,, 4,,6,, aud is denoted by the following 
symbol, 

[Ay B, | 

la. b.| 
} Dy 74 | 


2 


The numerators of the values of « and y are also determinants ; 


and we may exhibit the values of x and y thus, 
|, by, L | os 6, | 5 se bet ¢,| 


’ } } 
Gy; b, | By, & | 


= 
| G,, 5, Cy 5, | 


343. The determinants here considered are all said to be of 
the second order, because they consist of terms cach of which is the 
product of two quantities. The quantities o,, b,, o,, b, which 
occur in the determinant o,b,—4,), are called the constituents of 
the determinant; the products a,b, and a), are called the el 
ments of that determinant. Thus 4 determinant of the second 
order consists of two elements involving four constituents. In 
the symbol used to denote this determinant the constituents are 
arranged in a square forming two rows or two columns, 


344. We shall now indicate some properties of determinants 
of the second order. 


Since we have 


f,, 6 a, G, 
/ a |-a,b,-0,),= is 
1%, 5, | b,, 5, 


it follows that the determinant is not altered by changing the rows 
into columns, 


oe 17 
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345. The following identities may be easily verified. 


b,, a, 
b 


b,, a, 


b 


a,, 5, pee 


b 


a 


2) 2 2 


a eves 


2? aa 


Thus in the determinant, if the two rows or the two columns are 
interchanged, the. sign of the determinant is altered, but not its 
value; if both these interchanges are made, the determinant is 
unaltered. 


346. We have 
b 


Ripe 


a,, 6 


2? 2 


a a,, 6 


Geo 


27 58) 


P%,> pb, | 
a,, 6, | 


= —— > 


? 


Py b, 


2? 


oa b, 


Thus if each constituent in one row or in one column is multiplied 
by a given quantity, the determinant is multiplied by that 
quantity. 


347. We have 


a,, 6, 
a, 6, 


a, a, 


£0. 40% 


Ga, Ag 
Thus if two rows or two columns are identical the determinant 
vanishes. 

348. It may be proved by developing the determinants that 


a +ay', db, +b, 
a, t+a,', b+, 


vf 
Ay, b, 
/ 
a,, 0, 


ie 
ay, b, 
/ 
y's 0, | 


a, b, 
Qs) by 


, , 
a, b, 
, y 
a, b, 


Thus the determinant, each of whose constituents is the sum of two 
terms, is equivalent to the four determinants which can be formed 
by taking instead of each column one of its partial columns. As 
a special case, suppose a,'=, and a,’=6,; then the second of the 
above four determinants vanishes by Art. 347, and we have 


a,+6,, b, +b,’ 
a, +65, 6, +6 


MH, b, 
Me, b, 


, 
a,, 6, 
, 
A, b, 


b,, b 
b,, b, t 


INTRODUCTION TO DETERMINANTS. 259 


349. By Art. 348 we have 


¢ 


a,a,+6,B,, a,a,+ 6,8, 
@,4,+5,8,, Ga, + 6,8, 


fa @,4,, 4,4, b Fi ao iS: HO, 5 6,8, | Bs» a0. 

My0,, Az, bP, ’ b.B, Hy) b Ber 6.8, , A205 
=0,4,|,, a | on BB, b,, b, - a,B, a, b a Bia, b,, a, 
Ag, Ae | Os b, Qs) b, 05, a, 


by Art. 346. By Art. 347 the first two of the four determinants 
just written vanish. And by Art. 345 


Oy a, _ Nees b, > 
boy U, Qe, b, 
Thus we have left 
Ps G5 b, j : Or, B, | 1) 7 
(a8, Bras) Ue, A oe - as, B, az, 2 
Therefore 
O15 B, «|e » 5, ee H,0, + b,B,, aa, + b,B, 
a,, By yy Ds i Gig, + DB, 5 Ag, + bP. 


Thus the product of two determinants of the second order is a 
determinant of the second order. 


As a particular case, suppose the constituents a,, B,, a,, 8, to 
be respectively equal to the constituents a,, b,, a,, 6,; then we 
find that the square of the determinant _ 


a, b, 


dy, b, 


is equal to the determinant 


B 
a,’ +, a,a, + 6,6, 


2 2 
a,a, ne a, + b, 


17—2 
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350. We will now proceed to determinants of the third order. — 
Consider the simultaneous equations 
E 

* 

@,@ “AP by +O8= d, » ae y by sp Cs= d,, @,& 8 by 0,8 = &,5 i 
from these equations we obtain 
x= G, (Bye, — yey) + &, (0,0, — 0,04) + &,(b,¢, = 8,04) ‘ 7 

@, (0,05 — bye.) + a, (6,0, — b,¢,) + @, (6,0, — b,¢,) 

= 

and similar expressions for the values of y and s : 


The denominator of the value of x is called a determinant of 
the third order, involving the nine constituents @,, b,, ¢,, @, by es — 
a,, 0,, ¢,3 the determinant consists of six elements, each element — 
being the product of three constituents, This determinant is de- 
noted by the following symbol, 


la, b,, % 
a, o.; - 
@, 6, o 


Since the value of this determinant is 
a (b,¢, at b,c,) zo a, (d,¢, ae b,e,) sD a, (d,¢, i b,c.) 


we may express it in terms of determinants of the second order — 
thus 


a 


1 Os S158 


b,, ¢, | 


8 $8 


b,, ¢, | +, 
by, & | 


b, ¢ 


b., ¢ 


2 


” 


The numerator of the value of 2 is also a determinant of the 
third order; we have only to change @,, @, a into d, d,, a, 
respectively in the symbolical expressions already given for the 
denominator, and we obtain symbolical expressions for the 


numerator, 


We shall now see that determinants of the third order have 
the same properties as determinants of the second order, 


ae a 


i 


—) 
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351. Suppose g,=1, a,=0, and a,=0; then we have 
1, b,, Cis | 
0, bes 2s | as | 


- 0, b., Ces | 


Thus the determinant of the third order reduces in this case to 
a determinant of the second order. The values of b, and c, have 
no influence on the value of this determinant, and we may if we 
please suppose them zero. 


Hence we see that when we have any relation holding among 
determinants of the third order we can deduce the correspond- 
ing relation for determinants of the second order_by supposing 
certain constituents to vanish. 


352. It may be shewn by developing the determinants that 


j , ' 
eg be, c,|+4, | b,, Cz +4, b,, G, | 


| 
| 
b,, ¢;| 15,, ¢, | b,, €2| 


_ 
=a,|6,, b,| +5, | 2, €,|+0,| Ges % 


| 25 C, | | Fey Fe} b,, 5, 
that is, 
‘ { 
Gy; bs ¢| | > Dz, VW 
D2; b,, es b,, b., b, 
Bzg bs, 'C, | 11, Coy Ce 


Thus the determinant is not altered by changing the rows into 
columns. 


353. The following identities may be easily verified, by 
expressing the determinants of the third order in terms of deter- 
minants of the second order and developing : 


a, b,, b,, %, ¢,| by, yy G, 
Gz, be, Cg| =—| 5g, Ge, | = B,, fe, Gs 
Gz, dey Cs Des Yes Ss Day Cgy A, | 


Thus if two columns are interchanged the sign of the determi- 
nant is altered but not its value, and therefore if this operation is 


—_— 
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performed twice the determinant is unaltered. Hence, by Art. 352, 
if two rows are interchanged the sign of the determinant is altered 
but not its value, and therefore if this operation is performed twice 
the determinant is unaltered. 


Hence too it follows that if two columns are interchanged and 
also two rows the determinant is unaltered ; so that 


a, b,, ¢ b,, Gy, Cy 
Qe, es oP i 6, A, Cy 
Gs, O52, be, Qs, Cg 


354. As in Article 346 we may prove that if every consti- 
tuent in one row or in one column is multiplied by a given 
quantity the determinant is multiplied by that quantity. 


355. It is easy to shew that 


a, Oe b, a, o, C, 
@,, 0,, 6, |= O-and | a,, 6,, eo, |= 90. 
a3) bs, bs Gs, b,, Cy 


Thus if two rows or two columns are identical the determinant 
vanishes. 
356. It is easy to see that the determinant 


a, t+a,'+a,", b,, ¢ 
@, +a, +a", b., Cy 
7 ” 

Mg Gs +Q,') by, Cy 


is equivalent to the sum of the three determinants 


, ” 

a, b,, C) a,', b,, e aa) b,, Cy 
’ ” 

Ay, bs, Cy Gis’, 055. 0 Gigs. On, Cy 
, a 

sy Og; C3 i, Gey Omits ) Gs) Ox Cs 


and a similar result would be obtained if each constituent in the 
first column consisted of the sum of four terms, or of the sum of. 
five terms, and so on. Again, if each of the constituents b,, b,, b, 
is replaced by three terms, each of the above three determinants 
becomes equivalent to the sum of three determinants ; and so on, 
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In this way the following determinant may be seen to be equiva- 
lent to the sum of 27 determinants : 


, a / wt , " 
| a, +4, +0, b, +b / +b", +0, +0, 
y A i A / uw 
Og + Ug +Ug, b,+b/ +b, Cg+ 0) Hey 
/ nN aace: yy J Wy 
Wg + Og +04), b,+b,4+b,’, +0,+¢, 


The 27 determinants are to be formed by taking instead of 
each column one of the partial columns; thus for example three 
of these determinants will be the three which are given above. 


357. Asa particular case of Art. 356 we will take the follow- 
ing determinant : 


| yay +b,B,+e7,, 0,0,+ bf, + Yo) 4,6, +b B, + ay, 
| 40,4 5,8, + 6,7,5 a, 2+bB,+¢, Yo» Ut thf, + OY, 
| WA 8 ten oad RIbS oy aa, +b,f,4+¢,7, 
It will be found that of the 27 determinants of which this may 


be considered the sum, all except 6 vanish by Arts, 354 and 355. 
For example, we have for one of the 27 determinants, 


(Do, DPo5 bf, a,4,f3, D1, Ns hb, 
Uf, Only, b,f2, | that is, |e, Ins Vy 
BP, Ue, bf, | Ug, Ag, 0, 


by Art. 354; and this determinant vanishes by Art. 355, One of 
the six determinants which remain is 


’ 
Dy, 5B, C.Y2 a,2y, Ih; b,, C 
a9,, 5,8,, ¢,y,| that is, Wey Dg, he 
Gp,, 59,, ¢7, 1 zy Dg, Cy 


Another of the six determinants which remain is 


LF,5 Yes bf, a7 of Dy, Cs hb, 
G6, , CY as bf, that 18, 1, Cy) b, 
Dfy, Oya, 5,0, Ug, Cay bz) 


—a,78,|%s Dy % 
that is, Oz, b,, ¢,|\ by Art. 353. 


Uy, Bay 7) 
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The result is that the six determinants which do remain 


constitute 
Gy; Oy 
{,(B.y ~ By) +a, (B37; cs By, 3 a,(B,y, a B, »} as b., €, 
Qs, bo; C3 


Qs Bs Vii | pe as b,, Cc; 
that is, | a,, B,, yz eg 


a3) B;, Ys dz, 0,,>¢, 


Hence we see that the product of two determinants of the 
third order can be exhibited as a determinant of the third order. 
If we suppose a@,, 0,, ... respectively equal to a,, 8,,... we obtain 
a determinant of the third order which is equivalent to the square 
of a determinant of the third order. 


358. We have now given sufficient examples of the nature 
and properties of determinants to enable the student to forma 
conception of the subject. We might have confined ourselves to 
determinants of the third order, because by Art. 351 the pro- 
perties of determinants of the second order can be immediately 
derived from the corresponding properties of determinants of the 
third order; but the method we have adopted will be of service to 
the beginner. In the next Chapter we shall give general demon- 
strations applicable to determinants of any order. 


It will be observed that we introduce the subject of determi- 
nants by considering the forms obtained in solving certain simul- 
taneous equations. The student thus may see at once that the 
expressions called determinants do naturally present themselves 
in mathematics. It is however more convenient in treating the 
general theory to give an independent definition of a determinant, 
and this we shall do in the next Chapter. It will prepare the 
student for that definition if we here consider the determinant of 
the third order in this new light. 


i 
d 
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359. The value of the determinant 


Gas Org G 
a,, 0. .-C, 
LPP) ba» 4%, 


is 4,b,0, — 0,b,0, + agb,0, — Ogb,C, + Agb,Cg — Ayb,0,- 


The first element here is a,b,c,, which is the product of con- 
stituents situated diagonally in the square symbol denoting the 
determinant. The other elements may all be deduced from the 
first element in a way which we shall now explain. The suffixes 
1, 2, 3 are to be attached to the letters a, b, c in all the different 
ways in which permutations can be made of these suffixes ; and 
the sign + or — is to be prefixed to any element according as it can 
be deduced from the first element by an even number or an odd 
number of mutual interchanges of two suffixes. Thus the second 
element given above is a,b,c,; this can be derived from the first 
element by interchanging the suffixes 2 and 3, and so according to 
the rule it is to have the sign — prefixed. The third element is 
a,),¢,; this can be derived from the second element by interchang- 
ing the suffixes 2 and 1, and therefore it can be derived from the 
first element by two interchanges of two suffixes, and so according 
to the rule it is to have the sign + prefixed. Similarly the remain- 


ing elements with their proper signs may be determined. 


360. The following examples are particular cases of determi- 
nants of the third order, which the student may verify: 


(1) |4 hg 
i, b) f\=cbe—af"—bg*— oh + gh. 
I, Fy € 
(2) 9 Br ¥; 
9 Bey Ya |=LY,— LY, + UY, — LYq + UY, — LY,. 
1 He, Yi 


(3) 1 a+ 4,, 4,0, 


? b, + b, bb, = (4,- b,)(b,—¢,)(¢,—4,) + (4,-6,)(6,-¢,)(¢,- a,). 


aC Cer O0, 
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aes v8 
-y 1, al=l+a°?+fh'+y7. 
Ee I 
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361. Let there be symbols a,, a,,...a,; then one of these 
symbols will be called higher than another when it has a greater 
suffix, so that for example a, is higher than a, or a,, a, is higher 
than a, or a, or a,, and so on. 


Now suppose that permutations are formed of these symbols ; 
then whenever in a permutation the higher of two symbols pre- 
cedes the other there is said to be a disarrangement. Thus, for 
example, in the permutation a,a,a,a, there are four disarrange- 
ments, namely a,0,, 4,0, 4,4,, and a,a,. 

362. The permutations of the symbols a,, a,,...@, may be 
divided into two classes, those in which there is an even number 
of disarrangements and those in which there is an odd number. 


363. When in any permutation two symbols interchange their 
places while the others remain unchanged the number of disarrange- 
ments is increased or diminished by an odd number. 


Let g and & denote two symbols of which & is the higher, 
Let A denote the group of symbols before g and &, let B denote 
the group between g and &, and let C denote the group after 
gand k; so that the permutations which we have to compare may 
be denoted by AgBkC and AkBg@. Then the difference of the 
numbers of the disarrangements depends upon the symbols which 
constitute the groups gBk and kBg. Let B consist of B symbols 
and suppose that 8, of them are higher than g and B, of them 
higher than &. Then in the group gBh, besides the disarrange- 
ments in B itself, there are B— 8, +, disarrangements; for g is 
higher than B—£, of the symbols in B, and there are B, symbols 
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in B higher than &. In the group &Bg, besides the disarrange- 
ments in B itself, there are 8 — B,+ 8,+1 disarrangements ; for k 
is higher than 8 —, symbols in B, and there are B, symbols in 
B higher than g, and & is higher than g. Therefore the difference 
of the numbers of the disarrangements is 


Pais pia —(8.— 8; + B;), 
that is, 2 (8, -—,)+1; thus this difference is an odd number. 


364. By repeated interchanges of two symbols all the permu- 
tations of a set of m symbols taken all together can be deduced 
from a given permutation. In this mode of deriving the permu- 
tations we shall, by Art. 363, obtain alternately permutations with 
an even number of disarrangements and permutations with an odd 
number of disarrangements. The whole number of the permu- 
tations of a set of symbols taken all together is an even number ; 
hence it follows that there are as many permutations with an even 
number of disarrangements as there are with an odd number of 
disarrangements. 


365. Let there be »’ quantities arranged in the form of a 
square, thus 


Dita Ouse Citas hate ae« a, 
Marts Vargs: Ca'g sans gho 3 My y 
Bn ty %,29 Un, gy coreceers Onn 


Here for any quantity a, , the first suffix, 7, indicates the row, and 
the second suffix, 4, indicates the column in which the quantity 
a,,, appears. 


The above symbol is used to denote the determinant of the n* 
quantities occurring in it ; these quantities are called constituents 
of the determinant. The value of the determinant is found by 
taking the aggregate of a certain number of elements, each element 
being the product of n constituents. The first element is the pro- 
duct of the constituents @,,, 2, Gg» >++%m; Which lie in the 


268 PROPERTIES OF DETERMINANTS. 


diagonal drawn from the upper left-hand corner of the square to 
the opposite corner ; we shall call this diagonal the diagonal of the 
square, for we shall only have occasion to refer to this diagonal. 
All the other elements are to be derived from the first element 
Uy, 1%, 9p, 5-+4,,, by permutations of the second suffixes, the first 
suffixes being left unchanged. The sign + or— is to be prefixed to 
each element of the determinant according as it is or is not of the 
same class as the first element, the class being determined by the 
number of disarrangements in the permutations of the second 
suffixes ; see Art. 362, 


366. The above determinant is said to be of the x order 
because each element is the product of 2 constituents. The num- 
ber of elements is the same as the number of the permutations of 
n things taken all together, that is |x; half of these elements will 
have the sign + prefixed, and half of them the sign — prefixed. It 
will be seen from the mode of formation of the elements, that each 
element involves one and only one constituent out of each row or 
each column in the symbol which denotes the determinant. 


367. Instead of the above symbol for the determinant, it is 
sometimes denoted by 3+ ay, .@ 5... @,,,3 that is, the first ele- 
ment is written and the symbol }= put before it to indicate the 
aggregate of elements which can be derived from the first element 
by suitable permutations and adjustment of the signs + and —. 
The constituents of the determinant may be denoted in various 
ways; thus sometimes (7, &) is used instead of @, ,, and in this case 
we must remember that (i, &) and (4, 7) in general denote different 
quantities. In examples of determinants of low orders, we may 
find it convenient to avoid double suffixes, and use the same letter 
for all the constituents in one column, distinguishing the con- 
stituents by single suflixes; this notation was adopted in the pre- 
ceding Chapter. 


368. The other elements of a determinant are derived from 


the first element by permutations of the second suffixes while the 
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first suffixes remain unchanged ; these elements may however be 
derived in a different way, namely, by permutations of the first 
suffixes while the second suffixes remain unchanged. For suppose 
that a, 6, y,...v represents a certain permutation of the m numbers 
1, 2, 3,...2; then Gade, 24, 7---%,, 18 an element of the determi- 
nant which arises from the first element by changing the second 
suffixes 1, 2,...n, into a, f, y,...v, respectively. This element may 
however ied be derived from the first element 1 dy9.-.G,,, if 
the second suffixes are left unchanged and the first suffizes are 
suitably changed, namely, a to 1, Bto2, yto3,...y ton. In these 
two modes of derivation there is the same number of interchanges 
of two suffixes, and therefore the same sign is ebieiped to prefix to 
the element by the rule in Art. 365. 


369. The value of a determinant is not altered if the successive 
rows are changed into successive columns ; that is 


heen, opr erinnroce: Dy in eee Oprsecar nat Bn, 1 
Da int Cn agers oosore Un, | | Uy, 09 Mg, gyreeeeeres Mn, 9 
Oi Fy gg, age ese os Gn, n eCaneeOe aaeeeesc eae Cn 


For it is obvious from Art. 365, that the elements in these deter- 
minants are of equal value; and they have the same signs, as 
appears from Art. 368. 


370. If two rows or two columns are interchanged, the sign of 
the determinant is changed. 


For let & denote the given determinant, 7’ that which arises 
from the interchange. Then the elements in # and fF’ are the 
same as to value, and we have only to examine their signs. The 
first element in &’ can be derived from the first element in & by 
interchanging two of the second suffixes, and thus these elements 
have contrary signs in the two determinants, Then an element 


_ 
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in R' which arises from the first element in /’ by m interchanges 
of the second suffixes will be deducible from the first element in 2 
by m+1 interchanges, and therefore it will appear in & and 2’ 
with contrary signs prefixed. 


371. If two rows or two columns are identical, the determinant 


vanishes. 


For by interchanging two rows or two columns, a determinant 
is changed from & to —& by Art. 370. But if two rows or two 
columns are identical, the interchange of these rows or columns 
can have no influence on the determinant, so that R=—R; and 
therefore 2 = 0, 


372. When all the constituents except one of a row or of a 
column vanish, the determinant reduces to the product of that con- 
stituent and of a determinant of the neat mferior order. 


Consider, for example, the determinant 


M%, b,, co, ad 
Gs, bg, Cy, dy 
Gg, by, Cg, As 
0,06... 0 


By three successive interchanges of single rows we can bring 
the row which contains ¢, to be the highest row ; and by two suc- 
cessive interchanges of single columns we can bring the column 
which contains c, to be the first column. Thus, by Art. 370, 


a, b,, ¢, a, |=(-1)*x]e¢, 0, 0, 0 


Gy bs, Cy, dy Cy Ny b,, d, 
Gs, by, Cy, a, Cy A, b,, dy 
0, 0, Cy) 0 Cm Ss d, 


The first element of the determinant on the right-hand side is 
c,a,b,d,, and the other elements are to be derived from this by 
permutations of the suffixes. But c, is the only constituent with 


the suffix 4 which is not zero, and thus ¢, will be a factor of every 


Part 
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element which does not vanish, and the other factor will be de- 
ducible from a,b,d, by permutations of the suffixes 1, 2, 3. Thus 
the original determinant reduces to 


(1)e, x a, b,, d, 
Qe, Os d, 
Ms, bs; d, 


This mode of demonstration applies, whatever may be the 
order of the proposed determinant. 


The negative sign which arises in this example from (—1)° 
may if we please be removed by interchanging two rows or two 
columns in the determinant of the third order. 


373, The top row of a determinant of the n order can be 
brought to the bottom by 2-1 successive interchanges of two 
rows; and similarly, the first column can be brought to the end 
by n—1 successive interchanges of successive columns. Each of 
these is called a cyclical interchange, and it is sometimes conve- 
nient to effect any proposed interchange of rows or columns by a 
series of cyclical interchanges, for the sake of greater symmetry in 
the arrangement of rows and columns. In the preceding example 
we may bring c, to the place which we want it to occupy by per- 
forming three successive cyclical interchanges of rows and two 
successive cyclical interchanges of columns. Thus we obtain for 
the original determinant the following forms successively : 


(e Ly Gap Os, Car A,| (—1)° |G, 5, Cy, d, | (abe OO; eal) 
@s5 05, 0, ds 0, .0,°¢,,.0 A, b,, o, d, 
0, 0, Cy 0 My, b,, Ci» d, U5 Us; Coy d, 
a, b,, &, d, : Gg, Day Cy, dy Gg, Os, Cy, dy 

feed al Dy Coo 05.. 0) (-1)"\¢,, 0,°0, 0) (—1)Me,|d,, a, 6, 
by, Cr, Ay C, d,, a, d, d,, My, bz 
bs, Coy de, Ay Coy ds, Ms) b, d,, Us, bs 


% - ? 
Das Ops Up sA@y Cay Ug, Ug Bs} 
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374, A determinant can always be expressed in the form of 
a determinant of any higher order, 


For example, by Art. 373, 


Gy Dag Cs 1100,) O,n0 1,0, O50 3G } 
@,, 0, ¢,| = B, a, %, | = |m, 1, 9, 0, 0 if 
Ag, Og Cy Yr Ges bs, Cg v, B, %, b, ¢ 4 

Oo .d- Absa ue. Ps ‘Vy Geis Bay tee 2 


where , y, 5, #4 ¥ p; 7, are any quantities, Similarly, we may ~ 
carry on this process to any extent. 


375. Let ¢ and & denote any two suffixes out of the set — 
1, 2,...%3 let R denote the determinant 3+, a, 9... dn, n3_ 
and let A,, denote the coefficient of a,, in &. Then each of the — 
expressions 


Ag tO, Ago tee + An, nd 


and Oy, Ay yt My hg gt ave +O, A. - 


is equal to & or to 0, according as 2 and & are equal or unequal. 
For every element of & contains as a factor one out of the — 


constituents G1, 4,0) G%,5.++»@,n,» Which form the ¢ row. 
And since A, , denotes the coefficient of a, , in R, we have 


> 
R=, Api tG& Avot... + ie. Fees 
Similarly we have 
k= My, iA, gt M,, As, it ene +Q,, Ay, iD 


In the first of these expressions for R, put 1 =A 15 
G;, g= Gy, 9, +-. and so on; thus we obtain the value of a determi-_ 
nant with two rows ance which is zero by Art, 371. 


Similarly, in the second expression for R put Dy, 5= Oh, ny 
My, ; = My, xy +» aNd so on; thus we obtain the value of a determi. 
nant with two columns domsioall which is zero by Art, 371. 


t 
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376. If every constituent in one row or one column is multr 
plied by a gwen quantity, the determinant is multiplied by that 
quantity. 


For R=a,,4,,+4@,,4,,+...+@,,4,,; and if every term in 
the ¢* row is multiplied by p we must put pa,, for a,,, pa,, for 
@,», and so on; thus we obtain p times the former result for the 
new determinant. 


Similarly, we may prove the theorem in the case in which all 
the constituents of a column are multiplied by a given quantity. 


377. If each of the constituents in one row or one column is 
the sum of m terms, the determinant can be considered as the sum 
of m determinants. 


Suppose, for example, that each constituent of the 7” row is 
the sum of m terms; and suppose that 


4,,=P,+Yy tr, Gn One 
G,9=Pot dat. + ee 


Gig Pia tg eee 


See eer ere eestoe 


Then B= Oy Ay pt Gy gA gat venceons +a,,4,, 
= PA + Peli gH re sernes + p,A,,, 
+ GA it Apa --->---- + 9,4, 
TA tg, gH oo. one + 7r,A,, 
PRR oi tbh wcities a's 


Thus R may be considered as the sum of m determinants 
which have for their i rows respectively 


Dis Dye ooeese eee P.> 
Gir War vreeeeees Tn? 
Try Mey covceeees Poe 


eee eee aon erence 
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378. We shall now shew how the coefficient of a,, in a de- 
terminant can be itself exhibited as a determinant. In order to 
obtain those elements of a determinant which involve a certain 
constituent a,,, and those alone, we may suppose all the consti- 
tuents in the i row to be zero, except a,,; then putting 1 for a,, 
we shall obtain the required coefficient. In this way we get 


Appel Gii) << Gags Cele: | Cea poes-9) eee 


Pee eee eee eee eeeseeeeerseres 


Bey19 ++ Urey G14) Gy bys eee 


Oedae v0, VU ep caretic 


Garis oe Uayrnay “ater Ysregie oe 


Unis 980 Urpity Uns Unesia ce nn 
Thus A,, is here exhibited as a determinant of the m™ order. 


We may, without influencing the value of A,,, put 0 for each 
constituent in the &" column except that which is 1. 


By Art. 372, or by Art. 373, we may exhibit A,, as a 
determinant of the (n—1)" order. Thus, adopting the method 
of Art. 373, we make ¢— 1 cyclical changes in the rows and k— 1 
cyclical changes in the columns. Therefore 


A,,=€ x Miwa, keL? aoe. W41,09 Gary gatas G43, e-1 
kar Gand ee) La) Gy por 
Qyssih se Oa) hay sree 
eee ee ee er ee 
CFS ar ee) aS Gand @,_3, 22, ee yy, k-1 


where «= (- LS oe: (- 1) Ce 


379. By the aid of Arts. 375 and 378 we can express any de- 
terminant of the »™ order as the aggregate of ~ terms, each of 
which is the product of one constituent and of a determinant of 
the (n—1)™ order; the determinants of the (n— 1)" order may 
themselves be similarly treated ; and the process continued to any 
extent, For example, 
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b,, ¢,, d,|—8,| ¢,, d,, w, |+¢,| d, a, 6, 
bss Cy d, Czy dy a, d,, a b, 
by ¢, @ Cy dy a, dG, b, 
| | 
b,| ¢,, d,|+¢,|d,, 6,|+d,| 6,, ¢, } 
enn |d,, 5, 0, ¢; 
c,|d,, @ |+4,| a,, ¢,|+4,|¢,, a, } 
dy, % Gs, Cs Cy ds 
d,|a,, 6,|+a,|6,, d,|+6,| d,, a, ; 
78) by | b, d,,| dy, &| 3 
a, | 6,, ¢,|+6,| ¢,, 4 |+¢,| 4, 5, } 
b,, Cs Cy, &s, by 


380. We now proceed to an important part of the subject, 


that which relates to the multiplication of determinants. 


Let there be two given, sets of symbols, namely, 


py, sae -e a, os 
Tin, Gee fucose Sar 

and Dregnck wtheth bs 
Deed ate cenaes B 


eee eee ees eee ses esa ese 


, Coy = Oe One FO ae gf ano se + a, ,b 


Let & denote the determinant 2+ ¢, ,¢,,... ¢,, 
now prove the following results: 


18—2 


We shall 
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(1) Suppose p less than ves then 2 = 0, 


(2) Suppose »=ry then 4 is equal to the product of the two 
determinants which consist of the two given sets of symbols in the 
onder they oeoupy, 


a 
(8) Suppose p greater than re; then & is equal to the sum ofa 
aod of products of pains of determinants, each pair of determinants 
being formed by taking any v columns out of the first given set 
of aymbola for one determinant, and the corresponding » columns 
out of the other given set of symbols for the other determinant. 
; 
j 


The first element of A is ee... e,, and the value of 
this is 
(ey O, 2) Rey A.) Ray 8g) 


where in the flost factor 3 denotes a summation with respect to r, 
in the second factor X denotes a summation with respect to sg, in 
the thind faator S denotes a summation with respect to & and so 
on; and all these summations extend from 1 to p, both inclusive. 
Thus the product may be obtained by taking the sum of the 
values of the expression 


: 
By My |g vee & A.A. wes 


where # s & 4. take all integral values from 1 to a ; 


We may denote this sum by 


Sle eevee bd, aba ss) 


The other elements of RX are derived from the first element by — 
permutations of the second suflixes and prefixing the proper sign. 
Now from the general value of ¢ , it follows that by changing the 
second suflixes of the symbol ¢ mo change is made in the suifixes 
of the symbol @, but the first suffixes of the symbol 8 are changed, . 


] 

f 

j 

4 

i 
and these alone, 


Henee we obtain a result which we may denote thus, 
Red Gh .Q es SAB BA 
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Here 3+5, b,,5,,... constitutes a determinant of the n™ 
order, which is formed from the second given set of symbols by 
taking certain columns, and the & refers to changes of the first 
suffixes ; see Art. 368. We shall denote this determinant by Q. 


Now, in the first place, suppose p less than n. The suffixes 
7, 8, t, ... are m in number, and none of them can exceed p; henco 
it follows that there must be always two or more of them which 
have the same value. Thus @ always vanishes, by Art. 371; and 
therefore & vanishes. 


Secondly, suppose p=n. Then the system of suffixes 7, s, ¢,... 
can be a permutation of the 2 symbols 1, 2,....; and they can 
be nothing else without making Q vanish. And-by taking in 
succession different permutations the sign of Q will change, but not 
its value, by Art. 370, Thus the value of & reduces to the product 
of the determinant formed out of the second given set of symbols, 
into the sum of all the elements denoted by 3+a, 0,9... G, a) 
where & refers to changes of the second suffixes. Therefore when 
pn, 

B=| gy, 22. | 


Lastly, suppose p greater than n. Then the system of suffixes 
Tr, 8, t,... can be any combination of 7 numbers that can be formed 
out of the p numbers 1, 2,...9; and the number of such combina- 
tions is mipza Let P denote what Q becomes by changing 
binto a. Hence, as in the second case, we shall obtain PQ for 
one term in #, which arises from the selection of a definite combina- 


tion out of the possible combinations, Therefore when 


\n|\p—n 
p is greater than n we have L = PQ, where & refers to the sum- 
mation of — terms arising from all the possible combina- 


tions, 
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381, By tho second case of the preceding Article we see that 
the product of two determinants of the order x can be exhibited 
as a determinant of the same order. Similarly, the product of 


—- 


three determinants of the order » can be exhibited as a determi- — 


nant of the order 2; for we can first exhibit the product of two of 
them as a new determinant of the order », and then the product 
of this new determinant and the third of the original determi- 
nants can be exhibited as a determinant of the order x. Thus 
we see that the product of any number of determinants which 
are all of the same order can be exhibited as a determinant of 
that order. 


Hence generally the product of any number of determinants 
of any orders can be exhibited as a determinant of the same order 
as that of the determinant of the highest order among the factors. 
For by Art. 374, all the other determinants may be made to be of 
the same order as that which is of the highest order; and then 
the product of these determinants of the same order can be ex- 
hibited as a determinant of that order. 


382. Suppose we wish to form the product of the two deter- 
minants 


By yy oe Gn 
Bays Gan 


tee eee wee eee 


By Art. 369 we may change the successive rows into successive 


columns in either or both of these determinants. Thus, if we 
denote the product by 
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we may form the new constituents in four ways, for we may 
adopt either of the following laws throughout, 
Cu2= G10, +O, 2b, +... +O, dens 
CO dk 
or ¢,,=, ,b,, +0, bot... + Gy Dens 
or ¢,,=4, ,b,,+4,,6,,+...+40, ,b, » 
383. Let A,, denote the coefficient of a,, in a determinant A. 
The system of symbols 


is called the reciprocal of the system of symbols 


Dis a, 297: an 


GDz,13 Ae 03++- Gag 


eee eee eee ee ees 


384. The determinant of a system which is the reciprocal of a 
proposed system of n* symbols is the (n—1)" power of the determe- 
nant of the proposed system. 


If we multiply the determinants 


eer 
[eas eee 
and ; Fs te 


we obtain for the product 


ween we ree eee 
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where a = Apt Ay ata te ty tty ye Honoe, by Art, 375, 
the constituents of the laat determinant have the value 2 or 0 
according as ¢ and & are equal or unequal, ‘Thus this determinant 
reduoes to its tloat elament e ey yocey gy bhat is, to A Therefore 


) » 

Ay yur dy, | Rak 
Ms ine 

therefore Aj yjind leo 
A, rodan 


S85, Suppose we have a determinant of the mn order, and in 
the square symbol denoting i} suppose m columns and m rows 
destroyed ; the remaining symboly may then be supposed moved 
close wp so as to form a new aquare aymbol which is a determinant 
of the order ® =m, ‘This doterminant is called a partiad determi- 
nant or a mien determinant, with respect to the original determi 
nant, The symbols common to the ym rows and columns will form 
& square symbol which is a determinant of the order ym, This is 
also a partial determinant or minor determinant, The two 
partial or minor doterminants are said to be complementary to 
each other, 


S86, Lot A denote a determinant of the order», A: partial 
determinant of the reciprocal aystom of tho order m is numerically 
equal to the product of AY"! into the complomentary of the corre: 
sponding partial determinant of the original system, 

Lot 4) Qy.c%) 8... denote ono permutation of the m numbers 
1, 2,...285 and lot § A)... &)... denote another permutation, And 
suppose 9)... and ¥, A... to be groups of m numbers each, while 
ry 8... and w, v,,,, ave groups of ”—9 Numbers each, Thus 

Any Aga 
\ 
Any Ay anu 
is a partial determinant of tho reciprocal system of the ordor 
m3 we shall denote it by 8) 


We AM cae 
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Now 
| Ops Dyers Beuy Uy 
Dis CaaS) Dud a, v? 
TOS ceacetes ete necadneton =eR 
G59 Uns e+ Uuy Loy 


eee ee ee 


where ¢ is + 1 or —1 according as the permutations f, g,...7r, 3,... 
and 2, k,...u, v,... belong to the same class or to different classes. 


We now propose to obtain the product of these two deter- 
minants. The determinant S may be raised to the order n by 
inserting additional constituents; see Art. 374. Thus we may 
put for S the following determinant, 


Semmes mercer seer ansaraeseseenns 


eee eee eee ee ee eee eee 


where the constituents denoted by the letter B with suffixes are 
all supposed zero, except those standing in the diagonal which are 
all supposed equal to unity. 


Now form the product of S and e#, which will be a new deter- 
minant of the order n. Let the constituents of this new determi- 
nant be denoted by the letter ¢ with two suffixes, the first of which 
indicates as usual the row and the second the column. By 
Art. 382 there are four ways by which we may determine the 
constituents in the product of S and efs we shall select the first 
of these, according to which c, , is obtained by multiplying respec- 
tively the constituents in the p™ row of S by those in the g®™ row 
of ef, Thus 

¢,,=A, .a,,+A,,a,,+...+A, 4, +A, a +... 


C= A, a, +A, a, + --- +A, a, +A, a, +. 


Coe eer eee eee see rere ee SPO EBH Eee ees assess eessseese 
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Therefore by Art. 375, we have ¢,,, ¢,,,...¢,,, all equal to R, 
while all the other constituents in the first m rows of the determi- 
nant which is the product of S and ef are zero. 


For the first term in the (m+1)™ row, we have 


Cui3.1= By, i% +B, iy pt ove t+ Ba, +B, G+ = Aus 


because all the symbols denoted by B with suffixes which occur 
here are zero except B,,, and that is unity. For the second term 
in the (m+ 1)" row we have similarly 


Cat, 2a a, ue 


Proceeding in this way, we find that the (m+1)™ row in the 
product of S and ¢& is the same as the (m+ 1)™ column in eR. 


Similarly, the (m+ 2)" row in the product is the same as the 
(m+ 2)™ column in «2, 


The determinant then which is equivalent to SeR reduces by 
Art. 372 to the product of R” and the following determinant of 
the (x — m)" order, 


Cee eer eceree 


387. The following-examples may be verified by the student, 
In examples (4), (5), and (6), we have determinants of which the 
constituents are themselves determinants, 


(1) 0, a, B, cya 


a, 0, y,, 8 
ope 0, 3 = aa," +B°B' +y"y,"—2aa,BB,—2aa,vy,—2BB yy, 


| Y% B,, 2, 0 


a ee % Blo, +445 
-7y;-B,-4*, 0 
(3) 6 By] 
—a, 6, ye 8, =F+tE Wt Pe +07 +8? #9 
——,-Fn 6 «| + (aa, — BB+ a7" 
—% -B,-«, 6 
| | iE 4 os aaah gi 
4 | Me heard 
va h, 5! |G Sz €| 
4 le es Serany 
q ° Pe e 
Pe A 
. | |£e| |Agl te . 
se EA 9:4 foe so oa 
h,g| \94| \fh sate 
h,b| |g,4| |a,h 
G4, \|\f' me 


eslleai-* 


Bick alle sls 


ude 
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XXX. APPLICATIONS OF DETERMINANTS. 


- 


388. Suppose we have to find the values of x unknown quan- 
tities w,, a,,...v, from the following » simple equations 


Gy, 1, +B, pW, +A, Wy +... +H, B= Uy 


Gy 1%, + My gB, +A, T+... +A V =U, ; 


Gy 1B, +A, g@, + pV +A, UHV. 


Let & denote the determinant S+a@,,@,,...@,,; and let d,, 
denote the coefficient of @,,in &. Then the values of the unknown 
quantities will be given by the formula 


Rew, = UA, + WAQ y+... HUAL 2, 
where & may have any value between | and » both inclusive. 
For let the given equations be multiplied respectively by 
A, ,, Ayy,.--A,,3 and add the results. The coefficient of a, is 


then 
GA, ta rdyytin ta.4.y 


which is equal to R by Art. 375. The coefficient of 2, is 
@, 4, ,t& Ag t... +, 4, ,, 
which is zero by Art. 375. 
We may write the formula which gives &, thus 
Ra, =S, 
where S is also a determinant, namely the determinant which is 


obtained from & by removing the 4" column of & and substituting 
for it the column formed of u,, w,,...%,. 


389. Suppose that the determinant R vanishes; then the — 
values of the unknown quantities become infinite. This indicates — 
that the given equations are inconsistent; see Algebra, Chapter xv, - 


’ 
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390. Suppose that u,, v,,...u, vanish, and that FR also 
vanishes, The method of Art. 388 gives for the unknown quan- 


tities the indeterminate form 3 In this case we may take n—1 
of the given equations, and these will be sufficient to determine 
the ratios of n—1 of the unknown quantities to the remaining 


unknown quantity. 
These ratios can however be at once assigned : we shall have 
2D A Ae on a a ae PR A Dee 
where 1 is any integer not greater than n, 


For since R=0, we have by Art. 375, for all integral values 
of i and & between 1 and n, 


0, A, +, A, t+ &, GA, gts. =0;5 


and thus when x,, x,, “,... are taken in the ratios assigned above, 
we have 
Og sly Fy ght Uy slg + vvcree = 0. 

By taking n-1 of the given equations, and supposing 
U,, Uz,---t, all zero, we shall obtain in general a single definite 
value for the ratio of each of m—1 of the unknown quantities to 
the remaining unknown quantity. Hence it follows that when 
R=0 the ratios 

3 ew ee See 

are independent of i. 


391. If u,, u,,...u. all vanish, and # does not vanish, the 
2 2 n ? 
system of equations in Art. 388 has no solutions, except we suppose 


Ly, L,,---¢, all zero, The condition L=0 is thus necessary in 


order that the unknown quantities may have values which are not 
ZETO. 
392. For example, in order that the equations 
ang+bhy+cz=9, 
op+by+ez=9, 
ogrhy+cez=%, 
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may admit of solutions which are not zero we must have 


| Gy, a; C, 
Ae, bs; €, 
Qs, bs es | = 0. 


If this condition is satisfied the equations may be satisfied by 


Soriget & ri ee, C3 he ia, b, 
? 

ba, C2 | 13, G3 | a,, bg 

Orie soy Ss: Ros | Gas | j @,, 0, 
> 

b,; CQ 1 O, | a; b, 

ore Sy oe b., Ce; Cy G | 2 | am, b, 
bs, Cy Coy As 1 gy bei 


These three forms of solution coincide by Art. 390. 


393. From the given equations in Art. 388 we have deduced 


w,A,, +uA,,+u,A,,+...4+%4,4,,=Re,,; 
w,A, st uA, gt uA, +... +4u,A, .= Re,, 


uA, tuA, +ud,.t...+u,A, = Ro. 


Let p denote the determinant =+ 4, ,A,,...4,,,3 and let a,, 
denote the coefficient of A,,in p. We may from the above equa- 
tions find the values of w,, w,,...w,; and by proceeding as in 
Art. 388 we shall obtain the general result 


pu,= R {, 1+ LM ot vet 4} : 
By comparing this result with the given equation in Art. 388, 
a, 12+ A, gXq = Seat GH, ,Xy =U, 


we have, since the values of wu, must be identical, 


Ra, , 


—S3 = @, ie 


p 
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But p=" by Art. 384; thus 
= i” a, , 


394. We now proceed to apply determinants to another 
problem, that of forming the product of all the differences of 
given quantities. 

Let 7 quantities be denoted by a,, a,,...a,. Let P denote the 


product of the differences obtained by subtracting each of these n 
quantities from all those which follow it, so that 


P=(a,—4,)(a,—4,)...(a,—a,)(a,—4,)(a,—2,) ie (a, - a, -1): 


Then P may be exhibited as a determinant of the order nm. For 
consider the determinant 


Peer on, as 

1 n—-} 

9 Gy Gg4+0-Ag 
n—-] 

LS Cpr 


This determinant is a rational integral function of the quantities 
a,, @,,...a,; and it vanishes when any two of these quantities are 
equal, by Art. 371. It is therefore divisible by the product 
which we have denoted by P. Also both the determinant and 


the product P are of the degree ae zt in powers and products 


of a,, a,,...0,; therefore the quotient when the determinant is 
divided by P is some number. And this number must be unity, 
as we see by comparing the first element of the determinant with 
the product of the first terms of the binomial factors of which P 
is composed. 


395. The above determinant of the n® order consists of {x 
terms. The product P prior to simplifiestion and cancelling would 


n{(n—1) 
involve a much larger number of terms, namely, 2 * . Thus the 
determinant is an advantageous form for the product on account 


of the saving in terms. 


oii 
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396. We have 


ee 2 n—) 2 n-)} 
=|) LS ty ytanes eae LG. ech ean 
n-1 n—| 
1, Ag, Ay yee Ay . 1, a,, a, a, 
n—) 2 n-i 
Ty Gageas Oy ET Mee de con 


Now the product of these determinants can be exhibited as a 
single determinant; adopting the last of the four methods given _ 
in Art. 382, we have 


eee eee eee eee eee er) 


S,-)9 3a) Sn vee “gn—9 


r 


where s,=a,"+a,'+... +4," 


a“ 


397. Suppose, for example, that a,, a,,...a, are the roots of an 
equation of the n™ degree ; then P* is the product of the squares 
of the differences of the roots. Thus the product of the squares 
of the differences of all the roots of an equation can be exhibited 
as a determinant, the constituents of which are known in terms of 
the coefficients of the given equation, for s. can be expressed in 
terms of the coefficients, 


398. Suppose we have to find the values of the x unknown 
quantities @,, #,,... «, from the equations 
G+2,+2,+...+0 =], 
©A,+ Wa, + Va, +...+Va =F, 
2 2 2 969 
00° +805 +%,0, +... nara), 


n-} n-} - A=) m—l _ yn—) 
0,0," + 0! + Bas be ba PZ 


The values of the unknown quantities will be determined by 
the formula 


(a, = t) (a, ey t) .. w+ (a) = ) -?) (41 - t) .. ++ (a, = t) 


~ (a, —a,) (a, —a,) ... (a_,— a) (a,,, — a)... (a,—a,)” : 
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For by Art. 388 we have Rx,=S, 
where =| 1 iy Leer ak ’ 


Cis Gos Ons n 
2 2 2 2 

ee Mere Cee, G,, 
$60 coerce soccer essresesssccseers 
a—l n-1 n—1 n—-1 

a, , a, 91% 9 c 


and S=| 1, eA Ge ee i ed! 


eee eee ee ee 


re n—1 a—-l 
OF ag da Mga l | oy, Oggagt 3000, 


Now let the 7” column in & be placed first, and the 7” column in 
S be placed first; see Art. 373, Then let the two determinants 
be changed into products of differences by Art. 394; and by can- 
celling common factors in the numerator and denominator we 
obtain the value of x, in the form assigned above. 


As a verification we observe that if a,=t the equations are 
obviously satisfied by supposing #,=1, and all the other unknown 
quantities zero. 


399. The method of determinants may also be used to obtain 
the resulting equation when certain quantities are eliminated 
from given equations. Suppose we have to eliminate « from the 


equations f(z) =0 and $(x)=0, where 
S (2) =4,+ d,0+ af? + 0,2’, f (2) = b, +b,0 + ba’, 
We may proceed thus 
J (2) =4,+ a,0+ 0,0 + a, +0, 
af (2)=O0 + an + ag? +a + 4,2", 
p (2) =b, + ba + bo’ +0+0, 
a (x) = 0 + by +b? + bx? + 0, 
sha) = 0 4+046,07 +b,0? + ba", 
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Let Ae rs @, a, @, 0 
»y Mbyy By Ay " 
‘ 6, 4, 0, 0 
“ &, 8, &, 0 
), 0, be, 6, & 13 

then ainoe by supposition (we) =0 and (@) =0, and therefore also 
wr (@), @d (@), and. wd (@) ave all wero, it follows by Art, SOT that 
A= 0 iw the necessary relation which must hold among the coeffi: 
cient of f(w) and @ (@), 


400, We have given a partioular example in the preceding 
Article, as the general investigation to which we now proceed will 
thus be more intelligible, Let 

P(e) = @ + Qe + Qed. Hae 0, 
@ (&) = b, + Be & Bae 0 Hb .e* = 0; 
and suppose we have to eliminate @ between these ~“S 


We have 
F(®) =F Qe eae HAAS 
wy A, SHAE Haw ehh) 
af 1a) . aah + @at a 
@ (w) = b+ Bee bake. b.0%) 
wp (w)= Aes dake. Fda shah} 


AVE RALRRA REAR EE RARE RR ASRS ER SER Re Ree Ree eee 


Wh (@) = Beek 4 baht 


Let & denote the determinant af the order a + a which has for its 
first e rows 


@r @ Qiwnr@, © Q@ O.. 
QQ @, GG Ge | O.. 
0% & ay. ais Gis GQ Qa 


SASLURA SAU TRSLE NUN SORUR SER NSUUES Rang 
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7 
=<. 


bb, b-b& & b&% & 
: 6, b,, b,--b 4, & &- 
6 6 b,.4, 6 6, &-- 
| Ancpbanrdnrnne abbrroocartidtnocreneg 
then B= 0 is the necessary riiacion auong ae oficionts in order 
that f (2) aud & (2) may stmnlecncomly roo. 
The relation B=0 as been lle See ress ot Ghee Gis 
wath & the posed wevsions f(t) =O wis og) =. 
«MN, The termes im the qustient, stained by Soridony ome 
| sigebraical expression by sucther may be exe’ a ter 
_ ininents 
: 
LA $(G=60 140° 440? + +82 * og 
CO=OL +08 +f" +40 +, 
and let the quotient h 4(c) Erided by WG) te henoted by 
| ; Gf +46" + 44" 4 
Maltighy by the denominator, xad equate the xntthdunts fh 
of” on both sides. Thos 


6,=43,+4,3,*+4¢ 3% -~* ts 


é_.~ 44+ t+, eee +4f 
G4 4 By* --- +p» 


CPP POP ECEDO OL OPOOELODP OOP POOLOEPOEOEE EEG 


&,~ th,* tps 
# a Se tf, 
may roger these as 7+ 1 sxpuations tow Gating 4. 45 Hy 
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We have 
qd, D,; ee 0.5 . .6, = a, ’ 6; b,,- b, 
05. .bj. Clg eeeues Bing Uist > «og ee 
bed osensece saeeesniaee Gu Uo nos 
COMO. Mad ihe he me 


Therefore by evaluating the determinant on the left-hand 
side, and rearranging that on the right-hand side, we obtain 


= LSS b, 0, 0 ’ 0 9 the eee a, 
ate b,, bys 0, 0, Reese a, 
b,, b; b,; 0 p> teteee a, 

b,, b,, b, Ge, seeeee a, 

bs bs Lee ae a eceiae'e a, 


402. We will now give some applications of the theory of 
determinants which occur in a case of the transformation of func- 
tions by linear substitutions. 


Let there be any function of the-2 independent variables 
%,, @,, »..,; and let these variables be expressed in terms of ” 


new independent variables y,, y,,...y, by means of the following 
m linear equations: 


H, =A LY, + UW oYot oe + rl 
= Ay Y, + Gy Yq t eee +My Y 


then by substituting the values of w,, ,,...@,, the assigned func- 
tion becomes a function of y,, y,, ...¥,- 
Suppose now that we impose the condition that 


PS + oo tO YY Pt YM ces seunene 
then certain relations will hold among the coefficients of the linear 
equations (1); these relations we shall now demonstrate 


= 
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x L Vor every value of ¢ and & beswsen I and » inclusive 


— 


oe O) #6, +--+ a2 =1 oy 

a and 4, Beg * Be Bigg -—~ * ae > ee 

+S ahah ac -lhies la, i, ce Sneed (05 ts ths Salo 
(2); and them by comparing the ssefficients of We tome we 

_ obtain (3), 

| TL From (l) we om capres 9. %--y, @ tome Sf 

| Bis By ---%,; we shall shew cant for every value of i ween 1 

| and inclusive 

Gp~ 0 Bo Oey Big © ever * Og Log corverer creer AY 
Yo ettablish this ic will be ouliciens os verity he wxtement- 
substitute for z., z,, ---«, feonv (1) av (4); then by meas of Gy & 

_ will be found thas the right-hand member of (4; reduces ww y 

TIL In the same way as we chtained (3) by wxbotionting Sow 
(1) in @) we maz obtain, by substituting Som (4) i @), ae SL 
Towing results for every value of 6 and & between 1 amd » bot 
inclusive: 


= Of gt Oy 4+ -~ +0 =, | a nm 
a Fi Anct Oy Ane? — + HAO 

| IV. The square of the following deerminaat & apd & 
J = 

unity: 

4 Fes a -- %, 

gs aa -~ Fac | 


a ae Fase ~~ Fae 
. Denote the proposed determinans by E: then B, by Art. TAH, 
ee Seioent 
4 fuss Gar —~ Ge 
| pee eererreerceeere | 
; a Cuce Cage ~~ Cc 
= 


= Ey Lig 4 ne Ft Mh Sn 


——_ 


- 
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Thus, by (5), we have ¢,,=0 when ¢ is not equal to & and 
a vel. Thus tho latter determinant reduces to its first element, 
that is, to unity: therefore A? = 1. 


V, Let 4, have the same meaning as in Art, 388; then 
we obtain from (1) 


1A. 
Y= RAs + Ay Wt tA wl. 
Henee, comparing this result with (4), we have 
A,, 
p= BP eeeeeeseeey eee eRuaeas Ri) 


VI, The following partial determinants which can be formed 
of the constituents of 2 are numerically equal: 


Man ward Qa mae? ~— Burin 


Ue ere 0) Mays mags sat Quran 
SERRE RHE RRR HERR Ree ee ee eee 


oes -@cease sons “2 
and 
@. oy O03 sw 
en ee 


SERRE ee eH EEE Ree eee 


Bary Baar oe Groen 


Denote the first determinant by P, and the second by Q; 
then by Art, 386, 


Ver kee 
A 


EHH HE HER ee eee ee te eee 


Aus Ayn aA 
is numerically equal to AR" P, 
And by Art, S76 and equation (6), 


A, y; Ay eee 4A. = RQ. 
| 


Le 
ars Anes Faw 


~~ 


eG) A,» see A,, 
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Hence, since #?=1, we see that P and @ are numerically 
equal, 


403. We will finish with some examples. 
(1) Shew that | a, 6, c| =a°+b? +c? — 3abc. 
c, a, b 
b, ¢, a 
Shew that a+5b+c must be a factor of this determinant. 


(2) Shew that 
|a, 6, ¢, d|=a*—b+ +c —d*— Qarc + 26d? 

Gh, Gp Mah, —4a*bd + 4b’ac — 4c?bd + 4d?ac. 

c, d, a, 6 

a 


7 


Shew that a+6+c¢c+d must be a factor of this determinant. 


(3) Let there be a determinant of the order x +1 in which 
all the constituents are equal to unity except those which form 
the diagonal series, and these are 1, 1+a,, l+a,,...1+a,: the 
value of this determinant is a,q,...a,. 

For if any one of the quantities a,, a,,...a, vanishes the 
determinant vanishes, because it then has two rows identical ; 
thus the determinant is divisible by a,a,...a,. And the quotient 
of this division must be unity, as we see by considering the first 
element of the determinant. 


(4) Let there be a determinant of the order m in which all 
the constituents are unity except those which form the diagonal 
series, and these are 1+a,, 1+a,,...l+a,: the value of this 
determinant is 

ae t 1 
a,4,... G, {1 eile ou 1c +2} ? 
1 2 n 
For if any one of the quantities a,, a,,...@, vanishes the 
determinant reduces to a case of the preceding example; and the 
term a,@,...4, is found by considering the first element of the 
determinant. 
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XXXI. TRIGONOMETRICAL FORMULA. 


404, We will give in the present Chapter a few propositions 
which bring the Theory of Equations into connexion with Trigo- 


nometry, 


405. In Art. 272 of the Plane Trigonometry we have an 
expression for tan x6 in powers of tan, supposing 7 to be a positive 
integer, Suppose now that tan né is given, and we require tan @. 
Clear of fractions, and thus we obtain the following equation of 
the n™ degree for determining tan 6; 


tan n6 {1 anes ap tanto 4 BO ant - a 


=n tan 6— ue tan*@ 


Recnadet Mitt ek Lute Peo | 
Beg 


Now the value of tan x is not changed if we put instead of 
@ any one of the following angles : 


= 2 
O+—, Ot, Oey verre O+ 
n n a 
Hence we infer that the roots of (1) are 
2 , me 
tan 6, tan (6+=), tan (04 =") ssnieers ten fae tae ye 
n n \ n 
Let S denote the sum, and P the product, of the » quantities 
just expressed ; then, by the aid of Art. 45, we may deduce from 


(1) values for S and P: but for this purpose we shall have to 
consider separately two cases. 
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I. Suppose 2 even. Then (1) becomes 
tan 26 {1 Ses aaat tan’6+...... +(- 1) tan" 6 
2 
n-2 
=n tan6— ee! tan?0+...+n(-1)* tan", 
- 


In this case in order to put our equation in the standard form, 
that is, with unity for the coefficient of the highest power of the 


unknown quantity, we must divide by (—1)’ tanné. Thus we 
obtain 

an 

ak ae 


-=—ncotnf, P= 
(— 1)? tan 


Lok Bash Mae) 
ma 


II, Suppose n odd. Then (1) becomes 
= nad 
tan 16 {1 a tan’6+...+n(—1)? tan"*6} 


=nten_-— tan?@ +... +(-1) ¥ tan", 


In this case in order to put our equation in the standard form, 
n-1 
we must divide by (-1)*. Thus we obtain 


n-1 
S=ntannb, P=(-1)* tanné 


406. Again, take equation (1) of Art. 405, and multiply by 
cot*§; thus we have 


tan n6 {oot _ 1 cot *O + n(n —1)(n—2)(n—3) 


id cot". 
=ncot* '6— ain yen?) cot” *6 


a cott*6— ... 
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Divide by tan 26, and we obtain an equation in the standard 
form for determining cot@ when tan @ is given. Hence, proceed- 
ing as in Art. 404, we have 


ak 
cot 6+ cot (#+") toot (#+=") + eee + cot (9+ ——z) 
7 7 nm 
= 1 COG 1D... .ccerececcesecscescnscsces (4). 


407. From equations (3) and (4) we see that, if m be any 
odd integer, the product 


of {ian 6+ tan (@ fe = EER ae + tan (@ + ae =) 
M, mr 


into {cot 6 + cot (@ + =) ae eee + cot C ue “<2 


=n, 


408. Propositions like those of Arts. 405 and 406 may be 
easily deduced from other formule of Trigonometry. We will 
give one more. 

By Art. 287 of the Plane Trigonometry we have, when x is 
even, 

sy ew I 
on es sin stecg! Mee 

Let cosn@ =0; then we may put for @ any one of the follow- 
ing n values : 


sin*@= oe (5). 


Mie? 3a 207 Pauline 
on’ on’ on? eeeeeeee on Te 


Let m= 5 , and a=cosec’§; then dividing (5) by sin"@, we get 


The m values of a are 


7 


ms . oT n— 
cosec » COSCC* ~—,...005 cosec 
2n nv 


73 
2 
hence, by Art. 45, the sum of these m quantities ate 


2 
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Thus, if m be an even integer, 
> < an 22-1 _w 
cosec’ 5 + cosec’ > + a hee + cosec mn FF" 


409. We see by Art. 142 that any algebraical quantity has 
n different n™ roots. lf then we have found an expression for 
the n™ root of an algebraical quantity that expression must be 
susceptible of x different values, unless some restriction has been 
introduced in our reasoning by virtue of which this multiplicity 
of values has been excluded. In other words, if two expressions 
are asserted to be equal, one of them must in general admit of 
as inany values as the other. 


Various Trigonometrical formule involving expansions were 
given by some of the older mathematicians, as for instance by 
Euler and Lagrange, which were not in accordance with the 
principle here stated, and which have been shewn to be inaccurate 
by Poinsot in a memoir, published in 1825, entitled Recherches 
sur Vanalyse des sections angulaires. A memoir by Abel also 
treats on the same subject: see his Oeuvres Complétes, Vol. 1. 
page 91. We will illustrate the point by considering one case, 
and will follow Poinsot, though his method is not very rigorous: 
for a more elaborate investigation we refer to Abel. 

410. Let it be required to investigate a series for (2 cos 6)* 
in terms of cosines or sines of multiples of 6. 

The case in which nv is a positive integer is treated in the 
Plane Trigonometry, Art. 280; we proceed to the more general 
proposition in which x is not restricted to be an integer, though 
it is assumed to be positive. 

First suppose cos 6 positive; and let p denote the arithmetical 
value of (2cos@)*. Then we may put 

(3 coe Of = Ul Panene re eeetinto ons ane (1). 

Now 2cos§=¢%+e-, where cis used for /—1; thus 

(2 cos 6)* = (e” +e-4)* 


= Gb sg —-2)8 + ee es AC ae 
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But er = = cos nO +esin 26, 
e("-2)8 = cos (n — 2) 6 + esin (x — 2) 6, 

and so on. 

Hence (2 cos 6)" =c+us, 
where ¢ stands for a certain series involving cosines, and s for a 
corresponding series involving sines. 

Again, 1*p = (cos 2nur +e sin 2npuz) p, 
where « denotes any integer. 

If then we were to equate this to c+.s we should fall into the 
error against which we are warnedin Art. 409. We observe that 
(1) remains unchanged when @ is increased by any even multiple 


of 27. Let then c, and s, denote what c and s respectively he- 
come when in them @ is changed to 6+ 2mz, Then we may put 


C,, + ts,, = (cos Zr + esin 2npT) p......cceeeee (2). 


411. If we suppose m an integer, we have ¢, and s,, coin- 
ciding with ¢ and s respectively. Then equating the real and 
imaginary parts of (2) we obtain 


c=p and s=0. 


The former agrees with the result which is obtained and more 
closely discussed in the Plane Trigonometry, Art. 280. 


412. But we now suppose that is not an integer. The first 
point to be established is that in equation (2) we must take m=p. 
This point has sometimes been assumed; but Poinsot gives a 
reason for it in the following manner. Let us suppose 6 to 
diminish without limit. Then it will be found that 


’ 


¢,, = cos 2rmar {1 +nt see = 


e,= sin nme {1 ono BORD, 
\2 
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The series within the brackets may be regarded as equal to 2", 
by the Binomial Theorem ; so that 


C,, = 2” cos 2nm7 = p cos 2nmz, 
8,, = 2" sin 2nmz = p sin 2nmz. 
Hence by (2) we get 


cos 2nmr + isin 2nmm = cos 2npxr + 1 sin 2nur; 


from which we conclude that m= yp. 


413, Thus, when z is not an integer, we have from (2) 


C. & 


fp 
cos 2nmr 


so that p may be expressed either in a series of cosines or in a 
series of sines. 


414. If we put m=0 in the first of equations (3) we obtain 


PC; 
this coincides with Art. 280 of the Plane Trigonometry in form, 
and we see that it is true so long as cos 6 is positive. 


Again, put m=0 in the second of equations (3); then, since 
sin 2nmm vanishes with m, it follows that s=0 so long as cos@ is 
positive. 


415. Let us now suppose that cos 6 is negative ; and let p de- 
_ note as before the arithmetical value of (2cos@)". Then we may 
put 
(2 cos 6)" =(— 1)" p. 


Also (— 1)" =cos (24 + 1) mr + esin (24 +1) nz. 


Hence instead of (2) we now obtain 


c,, + 8, = {cos (2u+1) mr+cesin (2p +1) nz} p.....-. (4). 
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416. If we suppose m an integer, we have c,, and s_ coinciding 
with c and s respectively, Then equating the real and imaginary 
parts of (4) we obtain ; 

c=—p and s=0. 
The former agrees substantially with the result obtained in the 
Plane Trigonometry, Art. 280. 


417. But we now suppose that m is not an integer. We first 
shew, as in Art. 412, that m=; then, as in Art. 413, we have 


C. s, 


fi ae d = — 
pe 008 (2m + 1) ar eee aia (2m +1) az 


If we put m=0 in the first of equations (5) we obtain 


c 
COs 2 


p 


This shews that when cos@ is negative the numerical value of 
(2 cos 9)” is not equal to c, but to ¢ divided by cosmz; and this 
divisor is in general not equal to unity. 
Also, if we put m=0 in the second of equations (5) we obtain 
8 


Pe Sinn’ 


thus s is in general not zero. 


418. Return to equation (3) of Art. 413; and let us deter- 


mine when p can be expressed by cosines only, and when by sines 
only. 


We may suppose that m is equal to some integer together with 
a proper fraction ; let this proper fraction in its lowest terms be 


- 
denoted by = then we shall not require to consider a value of m 
greater than s—1. 


If p can be expressed by cosines only, it is obvious we must 
have sin 2nmr=9 ; thus m=0 is one value of m, and if s be even, 


re 
m=5 1s another. 


- 
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If p can be expressed by sines only, it is obvious we must have 
cos 2nmz=0; therefore ame must be an odd multiple of 53 thus 


if r is odd and a multiple of 4 we may take m= ora. 


419. Again, take the equations (5) of Art. 417; and let us 
determine when p can be expressed by cosines only, and when by 
sines only. 


Use the same notation as before. 
If p can be expressed by cosines only, it is obvious we must have 
sin(2m+1)nx=0; therefore sin (2m+ 1)- x= 0; thus, if s is 


odd, we can take 2m+1=s. 


Tf p can be expressed by sines only, it is obvious we must have 
cos (2m +1) nx=0; therefore cos (2m +1)" 3=0; thus, if r is odd, 


an odd integer, we may take Im+1== or Oy wie 


3 
2 2 2 


and 5 


420. Abel shews that the formule here obtained for (2 cos 6 
hold when n has any positive value; and also when m has any 
negative value numerically less than unity, except for those values 
of 9 which make cos § vanish. 


421. We might investigate series for (2 sin 6)" in the same 
_ way as for (2.cos6)*; or we may deduce the results by putting 


= 6 for 6 in the formule already obtained. 


422. In the Plane Trigonometry, Chapter xxii1, the ex- 
pression <™*—2z"cosa+1 is resolved into quadratic factors by a 
process which depends on De Moivre’s Theorem, and which there- 


fore involves the use of the imaginary symbol ./—1. It has been 


ian My 
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lately shewn by mathematicians that the result can be obtained 
without the use of the imaginary symbol ; we will here reproduce — 
the process employed for this purpose by Professor Adams in 
Vol. x1. of the Transactions of the Cambridge Philosophical 


Society. 
. Par! 
423, The relation between successive values of 2 + y= cor 


responding to successive integral values of m is given by the 


formula 
m 1 n 1 ae 1 _— ; 1 . 
- x“ Ho +1 (« 7) (« =) (« =) “ 


when m= 1 this becomes 


ee («+=) (x+2)-2. 
x x x 


An exactly similar relation holds between the successive 
values of 2cos m6 ; thus 


2 cos (m+ 1) @= (2 cos 6) (2 cos m@) — 2 cos (m —1)6; 
when m= 1 this becomes 
2 cos 26 = (2 cos 6) (2 cos 6) — 2. 

Now let v,, v,, v,,...%, be a series of quantities the successive 
terms of which are connected by the same relation as that which 
we have just seen to hold for the successive values of 2™+- ss and | 
of 2 cos m6; that is to say, let 

V4) = UjUm — Vy 


m -1* 


Also, as in those cases, let v, =2, but let v, be any quantity 
whatever ; thus we have 


Ma Sie 2, 


— aa 3 
Vz = V,V, — VY, = v,° — 3u,, 
and so on, 
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Hence it is obvious (1) that v, is a definite integral function of 
v, of m dimensions, and that the coefficient of v,” is unity; (2) that 
1 


; 1 
if TN aie then D,= a" +5 (3) that if v, = 2 cos 6, then v,=2 cosn6. 


Hence v, — 2 cos na will vanish when 2, is equal to any one of 
the following » quantities: 


2cosa, 2cos(a+f), 2cos (a+ 2), ... 2cos(a+n-— 1), 


where £ is put for ae Therefore v, — 2 cos na = 

{o- 2 cos a fe — 2 cos (a+ p)} {e —2cos(a+ 22) vee 

1. {o,~2 005 («+7 =18)}. 
Now put x for v,; thus we obtain 
i et ee 
x 

1 1 M 

CS as 2eosa } {a+ —2 cos (a+) }{e+=—2 cos (a+28)}... 


ae {u-+5-2cos(a+n-Tp)}. 


This gives the required resolution. 


Similarly if we put 2 cos 0 for v, we obtain 2 cosn6 — 2 cos na = 
{2008 0—2cosa} {2 cos 0— 2008 (a+) }12 cos 0— 2eos(a+28)} ee 
as {2 cos 6 — 2 cos (a + ni=Tp)}. 


Hence we see that the two equations just found are particular 
cases of the general equation from which they have been derived; 
v, being in the former case numerically not less than 2, and in the 
latter case numerically not greater than 2, Two special examples 
may be formed by taking first «= 1 or 6=0, and then x=—1 or =z. 

T. E. 20 


imaginary aymbol, which oan be veritied if required by ot ver 
methods, 


Kor example, we have by Plane Zigonometry, Art, 287, it [ 
be an ever integer, 
wn" (nt — 2) ain’ 
a 
*= 2) (n= 4" 
ee ek 2 RR (1 


and if e be an edd integer, 


-— Son 
xin e@ = rain @ ata sin® @+ — sin’ @=...(2). 


Now substitute x (« - *) for sin @, where ¢ denotes /=1} and 


= = \° 
cox ne = 1 ‘an Oy 


for brevity put p for e = =. 


Then from (1) we deduce, when e is noe 


: a* sete = ee Bote 
3( S Fee FE =p 
w*(n® = 2") (at = ' 
+ ae ans Fe eee Savgnee (8) : 
and 7 .. we pres when ® is ode, : 


A(Oo) festa gee lh 


Thus we obtain the ee identities (8) and (4, 
Those may be verified by the aid of Art. 244 For suppos | 
J) == pe 1, so that the roots of f(e)=0 are of the far 


1 
e and = 4 and @— ~ a» Then 


we Te = aie SP) — a 1 1 


“ts(asp){(r- > . ( a z+ -2) Sr} 
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First suppose » even, then by Art. 244 we have z"+ (- ) ; 


; Ly meat 
that is 2" + - equal to the coefficient of = in the expression just 
& 


given. The terms involving odd powers of p will not furnish any 
part of the coefficient, since is even. 


Now the coefficient of = in ( in 1+)(1 = is 1+1, that is 2. 
Ptistocasiciatt of 2 in (1 7% =) (- 3) as 
x ig 
py n—2 \(F ) m—4 yes 2) 
olen +] aaa +2 eee 3 +1 5 +2)), 
eal oe LOE 
that is 22 ee 1) + G 1) a} that is —— 12 9 
—5 p* 
The coefficient of 5 vin (1+ 2) (1- =) 2 — is 
Peal (ox * ("5 4 +2) ae +8) ("F ee +4) 
aia +3) (F5-+2) 
+ (+s) E43) (+0) (CGPaal 
Bs yen (2 ais \(§- Ee ) 
that is ELS 1)5 (5+ 1)(5+2)+ G-2G-H G+); 


ee (oat ie 2p* n* (n? — 2!) 
that is @(3-1)3(3*1) ¥ , that is cee 


And so on. Thus we obtain (3). Similarly by supposing » odd 
we obtain (4). 


20—2 
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EXAMPLES. 


i 
1. Fryp the quotient and the remainder when 
w+ Tat + 3a°+ 17a? +10%—14 

is divided by a— 4. 

2. Expand (a+ bz)" in powers of x, and then obtain the jirst | 
derived function of (a + bx)". 

3. Shew that the equation 2° +3a*°+a-—6=0 has one root 
and only one between | and 2. 


II. 


1. Find a root of the equation a* =+,/—1. 
2. Find a root of the equation 2° =—,/—1. 


III. 
1. Form the equation whose roots are 1, 1, 1, —1, — 2. 
2. Form the equation whose roots are 1+,/—2 and 2+,/—3. 


3. Form the equation of the eighth degree one of whose roots 


is V2 +./3+/-1 


4, Solve the following six equations in each of which one root 
is given: 


(1) o-a?+32+5=0; 1-2/-1. 

(2) a*+4a°+ 62°+4e+5=0; /-1. 

(3) o*+a°- 2507+ 41a+66=0; 3+,/-2. 

(4) a*+ 2a°-4dat—dot4=0; ,/2. 

(5) a*—2a°—5a*-6a+2=0; 24+ /3. 

(6) a*—a* — 8at+ 20° + 2la*-9e—54=0; /2+,/=1. 
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5. Solve the equation a°—a*+8x’-9%-15=0, one root 
being ,/3, and another 1—2,/-1. 


6. The equation z*—4xz°+xz+c=0 has one root =3; find ¢ 
and the other roots, 


7. Find the sum of the reciprocals of the roots, the sum of 
the squares of the roots, and the sum of the squares of the reci- 
procals of the roots of a° — 6x° + 40a’ + 60”*-a—-1=0. 


8. The equation a*— 210° + 1662? ~546x”+ 580 =0, has roots 
of the form a, B, a+8+(a—f)./—1; solve the equation, 


9. Find the sum of the cubes of the roots of a given equation. 


10. Form the equation the roots of which a, B, y, 6, are 


5 (1+ 8+ /228), and 3(1-y3+/=2 8) 


a? + Uae Ve ae sep 


and thence shew that + 
af ay 
ll. Ifa, 6, c,...are the roots of an equation, find the value of 
a aw be OF 


TERE DE LEE AE Caae 
12. Assuming that the arithmetic mean of any number of 
positive quantities is greater than their geometric mean, shew 


sl 
that if p,?- 2p, is less than np,", the equation has impossible 
roots. 


13. If a, 4, c,... are the roots of an equation in its simplest 
form, shew that 


(l—p,+p,—-.-)°+(2,-P,t+Ps— +») = (1+ a)(1 +0) (1 4c’)... 


14. If a, 5, c,...are the roots of an equation in its simplest 
form, shew that 


Pe — 2p,p, + 2p, = 0b + ae? + Be? +... 
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EA, 


1. Transform each of the following three equations into 
another the roots of which are formed by adding to the roots of 
the original equation the number assigned : 


(1) a#°—3a*-a?+4=0; 1. (2) 2°+a2+1=0; 3. 
(3) a+ 4a°-a?+11=0; -3. 
2. Transform each of the following four equations into . 
another wanting the second term : 
(1) w—3a7+4e-4=0. (2) a —62*+122+19=0. 
(3) a*— 8x°+5=0. (4) a+ 5a*+ 3a°+ 2’+e-1=0. 
3. Transform each of the following four equations into two 
others each wanting the third term : 
(1) 2°+ 527+ 8ae—1=0. (2) a*—62°+ 9e-10=0. 
(3) a*—8a°+182°-15a+14=0. (4) a*-182°-602*+a2—-2=0. 


: 1 : 
4, Transform the equation 2° + 2a°+ qet : =0 into another 


with integral coefficients, and unity for the coefficient of the first 
term. 


5. Remove the second term and solve the equation 
x*—182°+ 157a—510=0. 


6. Transform each of the following two equations into 
another whose roots are the squares of the differences of its roots; 
and discuss the nature of the roots : 


(1) #+7a-1=0. (2) a—6x+6=0. 


7. Transform a*—122°+12x%—3=0 into an equation whose 
roots shall be the reciprocals of those of the given equation; and 
then diminish the roots of the transformed equation by unity. 


8. Shew that the equation 2*+a?—8a—15=0 has two real 
roots of contrary signs, and that it cannot have more real roots ; 
and that they lie between — 2 and 3. 
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9. The roots of the equation 2° + pa?+qa+r=0 are denoted 
by a, b, c; transform the equation into others which have the 
roots assigned in the following fourteen cases : 


Ciymee 500-406. (2) b+e, c+a, a+b. 
1 1 1 @ 6b e¢ 
bre? eva axe: |) \Fa2ten? ab 
(5) BD’, ofa?, ab’, (6) (ta), nib), (He). 
1 il 1 
(7) g(b+e-4), g(cta-6), g (4+ b-c). 


(8) b+ce+ka, c+at+hb, at+b+ke, 


a b Cc 
(9) Pron sft+o=—b' a+b =eo 
(10) bo++, caer, ab+™. (11) B+e’, &+a’, a’+b’. 
i). ty ah at b B+ c+a +o 


(12) ince bn a: my DiGi. eae aros 


(14) b-c, c—b, c-a, a-c, a—b, b-a, 

10. The roots of the equation ~’+q«x+r=0 are denoted by 
a, b, c; transform the equation into others which have the roots 
assigned in the following two cases : 


aaNe b \? Coan 
De aaa) G=3) 
(2) ba+ac, cb+ ba, ac+ cb. 


11. If a, b, ¢ denote the roots of «*— 6x’ + 1la—6=0, form 
the equation whose roots are 
1 1 1 
B+? cit+at’? a+b?" 
12. If a, b, ¢ denote the roots of «*-2u’+2=0, form the 
equation whose roots are 
Be+c® cf+a® a +0° 
“a ’ wis ’ oe 
13. Shew that the third term of the equation 
a+ per +qetr=0 
cannot be removed if p* be less than 3g. 
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14, Shew that the second and fourth terms of the equation 
a+ p+ po +pet+p,=0 


b4 


can be removed by the same transformation if 8p,=p,(4p,—p,) 
15. Solve the following two equations: 
(1) o*+ 4a°+ 7x°+ 62—-10=0. (2) a*+ 40°+ 3a? - 2a-—6=0, 


16, Shew that the equation 2*+42°+6x2+3=0 does not 
admit of the second and third terms being removed by the same 
transformation, but that it does if multiplied by a. 


17. Shew that it is possible to remove the second and third 
terms of an equation of the n™ degree if 


nm x (sum of squares of roots) = square of sum of roots. 


‘Vie 
1. Shew that the equation 2°—4a2°+3=0 has at least two 
imaginary roots. 


2. Shew that the equation 2’— 22*+a°-1=0 has at least 
four imaginary roots. 


3. What may be inferred respecting the roots of the follow- 
ing two equations ? 


(1) «@°—5a°+a?-x2-1=0. (2) a"—a"+a"+x+1=0. 


Vi 


1. Solve the following twenty equations, each of which has 
equal roots : 


(1) a®—7a°+16a-12=0. (2) a*-3a°-9x+27=0. 

(3) «*—a?—8x+12=0. (4) a°—5a°-82+48=0. 
2 2 

5) w®—x->—-=0. Sigg 

(5) 33 (6) 7+ 33 0. 


(7) a°+ 8a? + 200+ 16 =0. (8) 5 b+ eee 


yi 
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(9) «*—11le’?+18x-8=0. 
(10) a*- 2a°—-a2?-42+12=0. 
(11) a*-7a*+ 132°+ 32-18 =0. 
(12) a*—42°- 6x? + 362-27 = 0. 
(13) a*+ 1327+ 332° + 31lz+10=0. 
(14) 2a*-122°+ 192’-62+9=0. 
(15) a*+ 16a°+ 7927+ 1262+98=0. 
(16) 8a*+ 4x°-182°+1lla—2=0, 
(17) @—a*- 22° + 227+ a2-1=0. 
(18) a*- 2a*— 62° + 427+ 13+ 6 =0. 
(19) a°—13a*+ 67a*— 1710+ 216% —108=0. 
(20) 2x°- 32°+ 62° 32° - 34+2=0. 
2. Find the condition that a*—pz?+r=0 may have equal 
roots, 
3. Shew that «*+gx’+s=0 cannot have three equal roots. 


4. If w*+pa""*+...+p,=0 have two roots equal to a, 
shew that p,a""'+ 2p,2""? +... +np,=0 has a root equal to a, 

5. If a°+qa°+rx°+t=0 has two equal roots, prove that 
one of them will be a root of the quadratic 


2g «Bt Ag 

ih — —- == = 

ae Metta Th” 
VIL 


1. Find limits to the positive and negative roots of 
oo — Dab + t+ 120°— 122°+1=0. 
2. Write a«*— 82? +12x°+ 16%—39=0 so as to shew that 6 is 
a superior limit of the positive roots. 


3. Shew that the real roots of the following six equations lie 
between the limits respectively assigned : 


Sl4 EXAMPLES. 


(1) wt-at+ de®- 8e4+1= 0; : and 1. 


(2) w+e*= 10e"-e+15=0; -4 and 3. 
(8) a+ Sats e160" 202-16 = 0; -5 and 3, by Art. 92. 
(4) (w= 26) (w* + Sa 41) + 60x=0; —5 and 3. 
(5) (@@= 4e=-2)?=48=0; -2 and 6. 
(6) aS+at+a*—2de-36= 0; -3 and 3, by Art. 92. 
4. Kind by Newton’s method limits to the roots of the 
following five equations : 
(1) wt=at— da" 8e- 9=0, (2) w*-—5d2°+6e—1=0. 
(8) awa 4° + e-4=0, (4) w*—Sa*+1le*- 20=0, 
(5) w= 2a*- 3e*— ldw— 3 = 0. 
5. Prove that a+ de*- 202*-192-2=0 has one root be- 


tween 2 and 3, but none greater than 3, and one root between —5 
and =4, but none less than — 5, 


6. Apply the method of Art. 102 to find the number and 
situation of the real roots of the following six equations: ' 


(1) a=128417=0. (2) at—32e4+ 20=0. 
(8) a®-8e43=0. (4) de® + 9a 1224+2=0. 
(5) aw -ae®s ch = 0, (6) a*—px*+r=0, 


7. Shew that the equation Se*+ &25—- 62°- 24z+7=0 w 
have four real roots if r is less than —8 and greater than -13, 8 
and two real roots if r is greater than —S and less than 19, and — 
nO real root if ris greater than 19, 


Vil. 

1. Obtain the commensurable roots of the following twelv ° 
equations : = 
(1) a= 106x- 420=0. (2) x°- 9x"+222-24=0, 

(8) a 2x? 2x4 50=0. (4) 2° 327+ 2e-3=0. 
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(5) 32°-22?-62+4=0. (6) 3a°— 2627+ 34a-12=0. 
(7) a*-20?+8xc-16=0. (8) a*—~a#°®—-132*+16x2—48=0. 
(9) at-a’-o?+19%-42=0. (10) a*+82°-7a’—49”+56=0. 
(11) «@-3a*-—92*+ 212?-102+24=0. 
(12) «°— 7a’? + 11a*—7x’+ 142*- 282+ 40=0. 


2. The coefficients of the equation f(x) =0 are all integers : 
shew that if f(0) and f(1) are both odd numbers the equation 
can have no integral roots. 


IX. 


1. Solve the following four equations each of which has two 
roots of the form a, —a: 


(1) a*—2a°-227+8e-8=0. (2) a*+32°—72?-27x-18=0. 
(3) a*+3a°+227+9x%-3=0. (4) a*+a°-11]e?-904+18=0. 


2. Solve the following four equations in each of which the 
roots are in Arithmetical Progression : 


(1) 2-6a’+1lx-—6=0. (2) a? —9n? + 23a—-15=0. 

(3) a*—8a*+142°+ 82-15=0. (4) a*+4a°— 4a? 16a=0. 
3. Solve the following six equations in which certain con- 

ditions relative to the roots are given: 

(1) 32°-2a*-272+18=0; product of two roots is 2. 

(2) a*-—3a?-6xz-—2=0; product of two roots is —1. 

(3) a*—4a°+5a°—-162+4=0; product of two roots is 1. 

(4) 2a*—5a* +11a?—11a+6=0; product of two roots is 1. 

(5) a*—452°-402+84=0; difference of two roots is 3. 

(6) «—Ta*+15a?—15a?+142—-8=0; one root double another. 


4, Solve the following six equations in which the roots are of 
the forms respectively assigned : 
(1) #&-102’+ 27z-18=0; a, 3a, 6a. 
(2) a*-10x°+ 352? -50x+ 24=0; a+1,a-1, 6+1, 6-1. 
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b 
(3) Gx*—432°+ 1072*-108e+ 36=0; a 8, 5, =. 


(4) a+ Sxt+ 5a°— 502*—- 36e+72=0; a, Qa, b, 28, a+, 
(5) aS —4x°+ 10x*— 162°+ 442*— 162+ 56=0; @e (24/8, a /e 
(6) a®—12e*— Qa°+ 3727+ 102-10=0; le Ja, ba/2, e/a 
5. Solve the following two pairs of equations, each pair 
having a root in common : 
(1) a —3a°-16x-—12=0; a®—-Ta*+5e4 18s 0, 
(2) a®—3a%+ lla—9=0; a da*+lle-T=0, 
6. Solve 2*—72°+36=0, and a*—32*-1l0e+24=0, the 


former of which has a root equal to three times one of the roots | 
of the latter. 


7. Solve the following two equations which have two roots in 
common : 


at — Qa*— Ta? + 262 —20=0; af+ de% Qe" 12e 48 = 0, 
8. Find in terms of m and @ the roots of the equation 
ae* + pac’ + (m? +m) aa* + ga’x +a‘ = 0, 


which are in Geometrical Progression ; and determine p and g in 
terms of m and a. 


x. 

1. Solve the following ten reciprocal equations : 

(1) at 254+ 3a 2e+1=0. (2) ate dat dete deel ad 
(8S) 2e*— 5a8+ 6a°-5a4+2=0. (4) wth do®—10e*+ de 4] = 0, 
(5) a°—2a*-192°—192°-224+1=0, (6) at-deteaee” ~iet tend 
(7) 6x°—Llat— 33x°+ 332° +Lle- 6 = 0, 

(8) 2a°— 5a°+ da*— da?+ ba— 2 =0, if 

(9) Sa*—16a*—25x*-16a*+8=0. (10) Ltatsa(l+a) 
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a 4, Cain vote A toe Wowing tow oypetions, wid doyross 


) F-U +t 4d ~U 3% 

. %) b+ ~t 1 Th th 4 tae =Y, 

G) 6444060 th ~ a N@9, (4) #-=9, 

& Giséids tee vt AA + pl +1 =9 jn Yas tore 

) ge 4 | 2 

HS 4b, 4! 5’ 7 

4, at, by... bette oe vith, B Vie, VOI, oyuotion 
ET Met ed a ae 

$ Sr untge Gr rgt ne G-Ui-m 

g 5. te the soaring equation Py + 11 = 9, Sha worms z 

2 0s thursday yoitirs wb wagshre ws py ox Yow In, the roots 

| etait, ve BS v4. 


XL 

L Edie tue tiowing torse sywations + 
@) 2-1-0 =) 7-199 (3) #4199 

-— Phew tush to tutors At +0 +d - babe axe A Yao Lore 
¢+48, tne G-l=-v 

— B Bhow tht the Laine A 

ie -BA-t) VU 9-4) bb VAP) VI -st-V) 

ws At tos tern 0+ he + B+ Ui, whore U~-\=d, 


a XSL 
LL Sidhixe the Milowing dight oyuations : 

Q) #-%-2-9 2) A-YerB=9, 

@) A-2+829 (W) ¢rbon'y, 

@) wet (6) BVA ~ don 4247 =O, 
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2. Determine the relation between g and r necessary in order 
that the equation 2° +¢x+r=0 may be put into the form 
a= (2*+ ax + b)*; 
and hence solve the equation 8a*— 36x +4 27 = 0, 


3. If the roots of the equation 2°+ pe*+ee+r=0 are in 
Geometrical Progression, mp*= ¢*. Hence solve the equation 
w—a®+ Qe—8=0, 


4. If the roots of the equation 2*+ gx+r=0 are diminished 
by A, shew that the transformed equation will have its roots in 
Geometrical Progression if & be such that 27rh*— 9¢*A*— g*= 0, 

5. If the roots of the equation 2°+ Spe*+ Sea 4 r= 0 are in 
Harmonical Progression, 2¢*°=r(3p¢ — +). 


6. If the roots of the equation 2°+ Spe? + Jeet r=0 are in 
Harmonical Progression, the equation re*+ 2¢g°e+¢r=0 contains 
the greatest and least of them, 


form a+ 8 ,/—1, shew that £* = 3a*+¢, 


8 If r, a+ /8, a—,/8, are the three roots of the equation 
a + pz? +pe+p,=0, of which r is real, and if a*+ ma + mead 
is the equation ee from - diminution of all the roots by " 


| 
7. The impossible roots of 2° + ¢x+r=0 being put under the | 


shew that a=-} +r and B=-2(m, +Sp.- Pp, *.. 


9. Reduce the equation 2*+pa*+ert+r=0 to the form 
y—3y+m=0, by assuming e=ay+; and solve this equation 
: 1 . 
by assuming y=s+—. Hence shew that if the original equation 
has equal roots, 
4 (p*— 39) (2p*— Ing + 279). 


10. If the roots of the equation a*+ px*+eex+r=O are - 
Harmonical Progression, so also are the roots of the equation 


(pg —1) v°— (p*- 2pg + Sr) y*+ (pg - Sr) yr 0, 
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XIII, 
1, Solve the following four equations : 
(\) t+ Ao + 3x7 — 44n B84 = 0, (2) at— 6x°-8%-3=0, 


(3) th 12a 4 490? — 78a + 40 =0, 
(3) b= Bast + (ot ~ 2) of + 2ab?a ~ ab?=0, (Art, 192.) 

2 Vk #~ps=0 the equation x*+ pa’+ qa’+ra+s=0 may 
be solved a8 a quadratic, 

3, Wf s and p are positive, and 27p* less than 256s, the roots 
A the eyuadion of + pu’ +6 = are all imaginary, 

4, Assuming that the equation a+ qv’+ra+s=0 has roots 
A the form o* f3,/-1, shew that the values of a and B may be 
found by the equations 


64a! + B2gat + (Aq? 16s) oF -7°=0, ?=a" + Z + t. ; 
C, 


XIV, 


1, Apply Sturm’s Theorem to determine the situation of the 
roa) voots of the following five equations in which the values of 
some of Sturm’s functions are assigned ; 

G) t—4bi—BarI3=0; f,(a)=—-A491e+1371, f(x) =—. 

(2) wt Aat+oP+6n+2=0; f,(0)=5a'-10e-7, f,(a)=2—-1, 
SA) =4- 

(3) trai+e—-l=0; f,()=3x'-12e+17, Art, 199, 

A) tm 2att+ a Ba+6=0; f,(n)=16a*— 230+ 9, 

(5) a + bat 200? — 19% -2=0; Jf, (x) = 200° + 602° + 36a —9, 
J, (a) = 60! + 18Tx + 67, J,(w) =43651a 454571, f(a) =+. 


2, Apply Sturm’s Theorem to shew that each of the follow- 
ing two equations has only one real root; and determine its 
situation. : 

(1) a+ Ga'+ 10% -1 =0, (2) a — G6au?+ 8a+40=0. 


$20 WAAMPL ES 
8, Determine the aituation of the positive roots of 
equation a= Qe'y de da = 10, having given 
Jy (w) = Bu (a 1)" 190 4 6, 


4. Apply Sturm's Theorem to the following four equations 
(1) atsat= Qo=1e= 0, (2) w'= de"= 404 20 = 0, 
(8) ate dat dee 1080, (4) a =a4el =O, 


xv, 
1, Shew that the equation 
wm Tat Dd) Oa dbo = 101 = 0 
has all its real roots between —10 and 10, that it has one real root 


between =10 and =1, one between =] and 0, no root between 
0 and 1, and one at least between 1 and 10, 


2 Apply Pourior’s Theorem to the equation 
w' dehy Fate 1004 1 0 


1, Approximate by Lagrange’s method to the positive root of 
the equation de’ = de = LQ, 


2 Approximate by Lagrango's method to the root of the 
aquation oto Qe} des d= 0, whieh lies between 1 and 2 


XVUL, 
1, Apply Newton's method to oaloulate the root which is 
situated between the assigned limits in the following five 
equations : = 
(tL) a= de 1260) root between 2 and 3, 
(2) w= 4e"= Tee 2405 root between 2 and 3 
(8) a= Qtes dt O05 root between $2 and $3, 
(4) a= 1lde=5=03 root between 4 and 4:1, 
(5) w= ats LQe' + Se de OQ) root between 0 and 1, 


EXAMPLES. Swit 


2. Apply Newton’s method to calculate a root of the follow- 
ing two equations : 
(1) 2°+32-5=0. (2) a®—3a°—3a+20=0. 


SV. TE: 


1. Apply Horner’s method to calculate the root which is 
situated between the assigned limits in the following three 
equations : 

(1) a+ 102?+6x-—120=0; root between 2 and 3. 
(2) a*—2a°+ 21a—23=0; root between 1 and 2. 
(3) a*—5a?+ 3u’+35x2-—70=0; root between 2 and 3. 

2. Solve the equation «*—17 =0 by Horner’s method. 

3. Calculate the real roots of the following four equations 
by Horner’s method : 

(1) #+a2-3=0. (2) a +2e—20=0. 
(3) 3a°+5e—40=0. (4) «+ 102’+ 8%-120=0. 


XIX. 


1. Find the value of the following seven symmetrical func 
tions of the roots a, b, c of the equation a*+pa’+gu+r=0: 


(1) (a+b+ab)(b+c+bc)(c+a+ ca). 
(2) (a+b-2c)(b+ ¢—2a)(a+e- 2b). 


(3) 3(a+b)’(a+e). (4) 3%(a+b—-2c)(b+e- 2a). 
a BN § 
(5) ae (6) 25, (1+2) (145). 


(7) (6 3 c)’ (e—a)*(a—by’. 
2. If a, b, c, d are the roots of the equation 
a+ par+gqu’'+rxe+s=0, 
find the value of 3 (4 +6)(c+d). 
5 21 


» eel 


S22 EXAMPLES. 


3. In the equation a*+pe"'+... +p, @tp. =O, suppos- 
ing the roots to be a, 4, ¢, ... ¢ tind 


(1) 3a%. (2) S(a@+d)(ate)... (@+O. 
x (a + b)° a 
(3) 3s". (4) 35. 


4. Form the equation the roots of which are the squares of 
the sums of every three roots of the equation a + pot + ne +s = 0, 
Also form the equation the roots of which are the sums of the © 
squares of every three roots of the same equation, 


transformed into another of which the roots are the sum of every 
pair of roots of the original equation, tind the first three coefficients — 
of the transformed equation. 


} 
. 
5. Tf the equation a*+ pa’! + p+ pal +... tp 0 is 
] 
q 
. 
XX. 
1. Transform the following three equations into others whose 
roots are the squares of the ditferenoes of their roots : 


(1) w—d4e+250 (2) atedee3=0. (8) att] = 0, 


2. Eliminate x from the equations 


aat+ de4e=, ae’ + bet o's 0. 


XXL 
1. Find the sum of the assigned powers of the roots of the 
following five equations : 

(1) x—a*- 1927+ 492-30 = 0; tho onbes, 

(2) #—32°—5e+1=0; the fourth powers, 

(3) a= 2at— 220% 282"+ T2e4144=0; the oubes, 

(4) a+ 2x+1=0; the inverse squares. 

(5) #-w-1=0; the sixth powers, 


EXAMPLYB, #14 
2, If 4, b, -., are the roots of #= 1 = 0, find BAY, 


3, Tf the sum of the 7” powers of the roots of the enact 
_@+04+1=0 be expressed by 4, ond the sum of the 7” powers of 
_ their reciprocals by %,, prove that 


8_-S,=1, and %,_.- 4%, 20-2 (-1), 


amt 


ree 


4, In the equation &- 041 =0, find 2%, 207, wd BU ; 
supposing » greater than 4, 

5. Find the sums of the ** and (In)* powers of the wha h 
the equation «” — pa + 7 = 0, supposing w greater than 1, 


od 2 


>. 9.455 
1. Solve the equations 
(y-1) 2+ yt+f~MY=%) 

(y-l)2+y4=9 S- 
2. Solve the equations 

(y-1) B+ yy 4) 2+ (34 + y-D 4+ Y=) 
 y-lesy[y+l)2+3f-1=0 fe 
3. Shew that the following equationa howe wo shwvtiow: 


yt - (fp - ty -Vya4g=G) ) 
G-~ p+ s=F f° 


EXT. 


2-1. Find the first term of cach value of y whem cxganded iw 
| gem Jd tgubeiaaaam the expration 
; yu-Gt + ty ~ 92+ Yy- tt=0 
2, Find the first term of cach value of y when oxgaided w 
nding powers of z from the eation 

a oe * td yf ~tif +f ~ ttf « 0°” 
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MISCELLANEOUS EXAMPLES. 

1, If there be m quantities a, 0, c..., and if m functions of — 
them be taken of the form 

(x—b)(a-c)... 

(a—6)(a—c)...’ 


shew that the sum of these functions is unity. 


2. Remove the term which involves the cube of the unknown 
quantity from the equation 


a + 5+ 2002°—1law+6=0. 


3. Shew how to transform. an equation which has both 
changes and continuations of signs (1) into one which has only 
continuations of sign, (2) into one which has only changes of sign. 


4, If p and g are positive, the equation z"— pa” +q=0 has 
four different real roots or none according as (2) is greater or 
n 


TQ ee - : a» 
less than (1) ; and it has two pairs of equal roots if 


ry rs 1 
e J & —r} ° 


Ome —Dyuigh *, ~Pyph 


nr 


> —P,-,%" *,... are the negative 
terms of an equation of the mn degree, then the greatest root 
of the equation will be less than the sum of the two greatest of 


we x a 
the quantities (p,_,)', (P,-+)") (Du-s)’s «+ 
6. If k be the last term of an equation of the n™ degree 
1 
whose roots are in geometrical progression, shew that —h" is a 
root, if m be odd. Shew that, in a similar manner, one root of an 


equation of an odd degree whose roots are either in arithmetical 
or harmonical progression may be found. 


7. Find the greatest common measure of a*—2*—3x--1 and 
x — 6a + Tx? + Ta? — 6x — 3, 


Solve the equation °— 62+ 7a°+ 7a? 6«-3=0. 


MISCELLANEOUS EXAMPLES. O20 


8. Diminish by / the roots of the equation 
etigevt+ret+s=0; 


give such a value to / that the roots of the transformed equation 


may be of the form a, =, ees ie and shew how this equation may 


be solved. Example. 2x*—22°+167+1=0. 

9. Shew by the process for extracting the square root of an 
algebraical expression that the equation a*+ pu*+qu’+rx+s=0 
can be immediately reduced to quadratics if p*s—4gs+r?=0, 
or if p®—4pq + 8r=0. 


: 3 
10. Prove that the equation x*+ 5 gu'+ re +s=0 cannot have 


all its roots real if g*°+7° is positive. 


11. If f(x) be a rational integral function of a, either f (x) = 
or f’(x)=0 has certainly a real root. 


12. Shew how to find the value of the semi-symmetrical 
function ab + b’c + c’a of the roots of a cubic equation. 


13. Leta, b, c,... & denote the roots of the equation ¢ (x) = 0, 
which is of the ~” degree and in its simplest form, and suppose 
these roots al] unequal: shew that the expression 

ce b” a Ras 
$@ $0 FO FH) 
is equal to unity if r= — ie and is zero if 7 is zero or any positive 
integer less than x — 1. 


(C1! 


Shew also, that if 7 =— 1 the expression = he ee 


14. If $(x)=a"-1, and a, 4, c,... are the roots of (a) =0, 
shew that 
TA 1 1 1 
eile d=a 2-6) exe 


15. Shew that the integral part of =! (J/3+/5)""' is divi- 
sible by 2”. 


( $26 ) i 


ANSWERS. 


T. 1, ats Lass 47a°+ 205e 4 830; remainder 3906, 


V3 +1\3 S23 -] § a @ 1 Gs 1 
IgR FI (Ta ) + (33 ) J=1. 3. NG) bo 9 . 
IIT, 7. -1; 36; 121. 8 a=d; Bead, 
9 —pS+Sp.p,- Sp, 10, at 2e*— Qe e160; then see Art, 48, 
v on 
ll. (p,*— 2p Yara nm 13, In the identity of Ant 45 


substitute successively /=1 and — /=1 for a 


IV. 5. The roots are 6, 6a7/-1. y*= Dy" + ; = 
8. See Arts, 22 and 50, LA Apply Example 14, 


VIL lL. (18) -T isa root, (16) ; is a root, (17) The 
root 1 oceurs three times (18) The root —1 ooours three times, 
(19) 2 and 3 are roots, (20) The roots Land —1 are repeated, 

3. Denote the root which is repeated by a, and the other by 
6; then the left-hand member of the proposed equation must be 
identical with (@—@)*(w— 6); then we may equate coefticionts, 

VIL. 7. The roots of f(x) = 0 are = 2, = 1, 1) use Art, 102, 

2 3 Sah 
VL 1. (4) 5. () §. 
IX. 2 (3) -1,3°3 8 @) <€ SROs 


OR ORCI EEO (4) Fa /= 
(5) -2 1. (6) 1, 2 i 
4. (1)a=]. (2) a=3,b=2 (3) a=9,b=3. () ael, beH3, 
(5) a=1, b=—38, ec=-2, (6) a=38, b==1, cmd, 

5 (1) -l = (8) 1, 6. The roots are 6 and 2 
7. The common roots are given by a+ 2e= 4 = 0, 7 


Sal 


ASSWEBS, 327 


8. Denote the roots by a off, off ; equate their product 
4 


ao 
p’ 
to &, and the sum of the products of every pair to (m’+m) a’. 
lt may be shewn that p must be equal to 7. 


XID 1. (1)2. (2)4. (8)-2, (4) 23-274, (5) 5 (2442-428), 


6 
(6) The root 11 occurs twice. (7) =~. (8) 2a. 
+ 9 
XI, 1 (1) 3, -2, (2) The root ~1 is repeated. 


(3) Ditminish the roots by 3, then the biquadratic can be solved. 


KITV. 1. (1) A root between 2 and 3, another between 
% and 4, and two impossible roots. (2) Two roots between 0 
and —1, and two between 2 and 3, 
KVMS, 1. (1) 2833066480704857... 
(2) VA5T451508098991... (8) 2°64575131106459059 ... 
2, 257128159065823535 ... 
8, (1) 1-2134116627622296 ... (2) 2°4695456501065939... 
(3) 218761194169747 ... (4) 2°76834546088879 ... 


XIX. 1. (1) (r-qg)’+p(r-g) +7. (2) 2p’—Ipq + 27r. 


g +p 
tm pg 


=a 4 1 
~ (6) 7 -Wome, 8, (7) 5 (89 -p")(3pr - 9°) — 3 (pg-9r)’. 


(3) — 2p" + pg ~ 44. (4) 99 ~ 3p’, (5) 


2, 2. 4 (1) 3p,-pyp, (2) JE we denote the equation by 
JS (x) = 0, the proposed expression following the symbol & becomes 


—o ; ; 
ba (=1)"" Hence the required sur is 
Bid tere. +7,8.,7 «kK LES... 
2\ nod n—% get tee n = 
a 
(3) Bis Paan, (4) ype kd “Pal Bas r 
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5. Let the transformed equation be 


a+ ga" + gia 4 gn" "+ ... = 05 
then m= ne! . Find the sums of the powers of the roots of — 


the transformed equation, and then the coefficients by Art. 244. We 


—1)(n-2 
shall get g,=(nx—1)p,; qe (n— 2) p,; 
—1)(n-2)(n-3 
ee . dn 3 ue pt (n—2)"p,p,+ (2-4) Py 


XXII. 1. The solutions are given by 
y®—2y=0 and (y—1)a+y=0. 


2. The solutions are given by 


y*—1=0 and (y—1l)a+2y=0. 
XXIII. 1. y=at...; yar J/3a4...5 y= sot. 


2. Six values of the form y=a*(w+U), where wu is to be 
determined from 1-—u?—u*+u°=0; three values of the form 


y =a73 (w+U), where wu is to be determined from 1— 3u*=0; and 


18 
four values of the form y=w *(w+U), where w is to be deter- 
mined from 3— wu‘ = 0. 


MISCELLANEOUS EXAMPLES. 


1. Call the sum ¢ (a) ; then shew that ¢ (a) —1 is identically ; 
zero by Art. 39. ; 


2, y°— 12y° + 65y*— 840y°+ 20374 — 1428 = 0. 


15, Form a quadratic with roots ,/3 + /5 and /3—,/5; then — 
use Art, 261; see also Algebra, Art. 526. 
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